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1. Materials 

1.1. Phase change materials (PCM) for building application 

Construction industry in general and buildings during their life cycle are the largest 
energy-consuming sector in the world. For example, in the EU the construction sector 
accounts for around 40% of the total final energy consumption (“Resource efficiency in 
the building sector,” 2014) and produces nearly 40% of the total CO2 emissions (Asadi, 
da Silva, Antunes, & Dias, 2012) (Diakaki, Grigoroudis, & Kolokotsa, 2008). Therefore, in 
the framework of this Project new technological solutions of Nearly Zero-Energy buildings 
will be selected to promote sustainable development of construction industry as well as to 
contribute positively towards objectives set out in the National Energy-efficiency Action 
Plan for the construction sector1. The NZEB concept could be a part of the energy 
efficiency-related activities and policies at regional, national and international levels.  

Ongoing improvements in building envelope technologies suggest that residences 
and commercial buildings will soon be routinely constructed with low heating and cooling 
loads. The use of novel building materials containing active thermal components (e.g., 
PCM, subverting, radiant barriers, and integrated hydronic systems) would be an ultimate 
step in achieving significant heating and cooling energy savings from technological 
building envelope and construction improvements. The key benefit of using PCM is 
improvement of thermal storage capabilities of structures with minimal change to the 
building design (Kumar & Assistant, 2013).  

Present-day residential and commercial buildings are becoming more structurally 
lightweight, and concerns are being raised over indoor thermal comfort due to reduced 
thermal storage potential. A strong tension exists between the drive to build better 
efficient structures with less impact on the environment and the tendency to add more 
mass to the structure for thermal storage. These issues are further heightened by global 
climate change and the continual rise in energy cost. 

PCM-enhanced building envelopes offer higher per unit heat storage capacity than 
conventional building materials and provide lightweight structures the benefit of increased 
thermal mass (Jeanjean, Olives, & Py, 2013)  The location of the PCM within the building 
is of big importance for the optimum performance of the system. Fig.1.1 shows different 
locations in a typical lightweight building construction system (Jin, Medina, & Zhang, 
2014). 

                                                           

1 EMZinoPielik2_150514_Buildings renovation strategy LV.docx; Ēku renovācijas ilgtermiņa stratēģija 2014. – 2020.gadam, 
https://ec.europa.eu/energy/sites/ener/files/documents/2014_article4_lv_latvia.pdf 

https://www.sciencedirect.com/science/article/pii/S0378778815004338#fig0025
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Figure 1.1. Wall including PCM in different locations: (a) control wall; (b) PCM located 
next to the internal face of a gypsum wallboard; (c) PCM located between two insulation 
layers; and (d) PCM located next to the internal face of an oriented strand board  (Jin et 

al., 2014) 

 

Applying a PCM in building construction can utilize both the heat from external solar 
energy gains and thermal loads produced by mechanical heating and cooling systems. 

Wall constructions with PCM typically are used in mixed and cold climates (Fig. 
1.2.). A key ingredient of these wall constructions is their heat storage capacity, then 
conventional heavyweight thermal mass is replaced by PCM and thermal mass of 

lightweight constructions is noticeably increased.  

 

Figure 1.2. Schematics of conventional Trombe Wall and PCM-enhanced Trombe 

Wall (Kośny, 2015) 

Combination concept of Trombe wall system with PCM-enhanced building 
envelopes shows great potential for integration into low energy consumption buildings 
(Fig. 1.3.). However there are still problems regarding their application and design, for 
example to improve heat accumulation of the massive wall in winter, some researches 
install an absorber plate in the air gap and use a black surface of the heat storage wall 
(Saadatian, Sopian, Lim, Asim, & Sulaiman, 2012), (Hu, Luo, & He, 2015). 

The exterior surface of the heat storage part of Trombe wall is usually painted black 
so as to absorb the solar energy, which is then stored and conducted through the wall 
over the period of the day. In winter solar heating scenarios, when the evening and night 
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heating energy demands approach and the internal space temperature drops, heat from 
the wall storage radiates into the building from the Trombe wall over several hours. 

 

Figure 1.3. Schematic draw of Trombe wall (Pless & Torcellini, 2004) 

A Trombe wall is a passive solar building design where a wall is built on the winter 
sun side of a building with a glass external layer and a high heat capacity internal layer 
separated by a layer of air. Light close to UV in the electromagnetic spectrum passes 
through the glass almost unhindered then is absorbed by the wall that then re-radiates in 
the far infrared spectrum which does not pass back through the glass easily, hence 
heating the inside of the building. Trombe walls are commonly used to absorb heat during 
sunlit hours of winter then slowly release the heat over night. Trombe walls work on the 
basic greenhouse principle that heat from the sun in the form of near-visible shorter-
wavelength higher-energy ultraviolet radiation passes through glass largely unimpeded. 
When this radiation strikes objects the energy is absorbed and then re-emitted in the form 
of longer-wavelength infra-red radiation that does not pass through glass as readily.  

Higher window to wall ratios (WWR) entail larger thermal exchanges, and 
consequently longer thermal discomfort periods and increased energy consumptions for 
space conditioning. Andric in this study investigates the potential of passive latent heat 
storage using Phase Change Materials (PCM) as a retrofit measure in high-rise 
apartments in Toronto (Andrić et al., 2017). The results showed significant reduction of 
overheating and daily temperature swings in units with 80% WWR in Toronto. A 
significant potential for the composite PCM system in reducing energy consumption and 
improving thermal comfort was observed in the simulation study. 

The capabilities of incorporating PCM in structures to thermally stabilize interior 
space and shift peak-hour cooling loads are highlighted in publications of many 
researchers (Mavrigiannaki & Ampatzi, 2016), (Iten, Liu, & Shukla, 2016),(Osterman, 
Butala, & Stritih, 2015). As a result of the improved thermal performance gained from 

https://en.wikipedia.org/wiki/Passive_solar_building_design
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PCM incorporation, lighter and thinner building envelopes can be designed and 
constructed to take full advantage of the performance. 

Interior building surfaces of walls, ceilings, or floors have been traditionally 
considered as the best locations for the PCM and PCM is used to stabilize the 
temperature of the building interior. PCM can be easily blended with many construction 
materials. This makes it possible to increase the latent heat capacity of lightweight 
constructions by applying into wall or ceiling interior finishing materials. In this working 
scenario, heat stored in PCM needs to be discharged through, most-often, ventilation 
during the night or by the building’s space conditioning systems. In the second case, 
when mechanical system is used, there may not be direct energy savings. The only 
energy benefits associated with this PCM setup can be peak-hour load savings and peak 
load shifting. In addition, in buildings using air-conditioning, due to the relatively small 
interior temperature fluctuations, PCM applications facing the interior of the building may 
require a long time to discharge the stored energy. 

 

Figure 1.4.  PCM as part of the interior surface of the building envelope (Kośny, 

2015) 

According to many authors, the PCM used on wall surfaces may decrease 
overheating in the interior spaces and reduce energy consumption for space conditioning 
(Delgado, Lázaro, Mazo, & Zalba, 2012),(L.Li, Q.Yan, L.Jin, 2012), (Memon, 2014), (Lee, 
Medina, & Sun, 2015). In 2006, Kissock and Limas of University of Dayton, USA, 
investigated paraffinic PCM that can be added to the walls, to reduce the peak diurnal 
cooling and heating loads transmitted through the envelope (Sutrisna Limas Kelly 
Kissock, 2006), (Fig. 1.4.). Similar investigation was done by Lleida University where 
energy-efficient solar residential house in Andorra was tested  (Llovera, Potau, Medrano, 
& Cabeza, 2011). 

Storing available solar energy during daytime and releasing it in the evening can 
help in reducing the building energy need for thermal comfort even during relatively cold 
nights, floor boards (Desai, Miller, Lynch, & Li, 2014), wall boards or panels (Biswas, Lu, 
Soroushian, & Shrestha, 2014), (Lai & Hokoi, 2014) (Fig. 1.6.), tiles, bricks (Castell, 
Martorell, Medrano, Pérez, & Cabeza, 2010) (Fig. 1.5.) and etc. can be enhanced with 
PCM. 
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Figure 1.5. Clay bricks including PCM macrocapsules (Silva, Vicente, Soares, & Ferreira, 

2012) 

PCM can be incorporated in construction materials using different methods, such as 
direct incorporation, immersion, encapsulation (Fig. 1.9.), microencapsulation (Fig. 1.10.) 
and shape-stabilization (Memon, 2014).  In direct incorporation and immersion potential 
leakage has to be assessed. When the PCM is encapsulated or added in a shape-
stabilized new material, a new layer appears in the construction system of the wall. 

 

Figure 1.6. Gypsum board enchansed with PCM microcapsules (Kośny, 2015) 

Similarly, PCM can also be impregnated or mixed with concrete (Desai et al., 2014) 
or mortar (Joulin, Zalewski, Lassue, & Naji, 2014). One of the objectives pursued here is 
to maintain the concrete mechanical properties, while increasing its specific heat capacity. 
It is interesting to highlight that the addition of PCM in concrete decreases its density, 
which would have an interesting impact in the building structure weight. 

 PCM in these interior finishing materials could be expected to be effective during 
early and late winter as well as during spring and fall seasons. It was recorded during the 
summer that in concrete floors containing PCM, maximum floor temperature was reduced 
by up to 16 °C ± 2 % comparing to similar assemblies without PCM. For the winter 
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months, an increase of minimum floor temperatures up to 7 °C ± 3 % was reported 
(Entrop, Brouwers, Reinders, & Müthing, 2009). 

Li et al. (Li, Xue, Ding, Han, & Sun, 2009) analysed the usage of microencapsulated 
PCM in floor elements made out of a composite of high-density polyethylene and wood 
composites. The two layers of PCM had different phase transition temperatures. It was 
found that compared to the floor without PCM, the energy released by the floor with PCM 
in peak heating demand time period can be increased by around 40 %, depends on PCM 
temperature range. 

Similarly to, earlier described, PCM applications in wall masonry units, air gaps in 
massive walls and framed wall cavities can be very convenient locations for PCM. This 
simple change in material configuration means real space conditioning energy savings. It 
is also expected that this new placement method for PCM should significantly reduce 
flammability issues that were common in earlier technology developments. In addition, 
detailed optimizations performed for PCM applications showed significant potential for 
reduction of initial costs and a corresponding reduction in cost payback time (Kosny, 
Kossecka, Brzezinski, Tleoubaev, & Yarbrough, 2012). 

Another PCM application concept was proposed by Kośny and Yarbrough. The 
concept is based on incorporating PCM thermal insulation into the internal cavity of 
lightweight framed walls   (Kośny J, Yarbrough DW, Miller WA, Childs P, 2007), (Fig. 1.7).  

 

Figure 1.7.  PCM-enhanced materials used as an integral part of the building thermal 

envelope (Kośny, 2015) 
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Figure 1.8. Construction of an experimental double wall with exterior layer of 

cavities containing PCM-cellulose insulation (Kośny, 2015) 

PCM-enhanced cellulose was one of the first successful developments of PCM 
enhanced thermal insulations in the building area (Jan Kosny, David W. Yarbrough, 
Kenneth E.Wilkes, Doug Leuthold, 2006), (Fig.1.8). Subsequently, PCM blended with 
blown fiberglass (William Miller, Jan Kosny, David W. Yarbrough, 2010) and building 
plastic foam insulations were introduced (William Miller, Jan Kosny, 2010), (Fig.1.9.). 

 

Figure 1.9. Installation of the test wall containing PCM-enhanced fiberglass insulation 

(Kośny, 2015) 

Another approach to incorporate PCM into insulation materials  has been reviewed 
by Yang et al.(Yang, Fischer, Maranda, & Worlitschek, 2015) who showed that the joint 
advantages of the storage capacity of PCM and the insulation performance of 
polyurethane foams has a great potential to promote energy efficiency in buildings, but 
still research is needed to improve this composite. 

Earlier research focused on conventional ceiling cooling systems demonstrated that 
they can offer significant advantages over traditional space air-conditioning technologies 
(see Kochendörfer 1996; Antonopoulos et al. 1997; Conroy and Mumma 2001). Additional 
energy savings are obtained because of the available large cooling surfaces, which 
enable higher cooling water temperatures. Decades of testing and demonstrations 
worldwide have proven that adding PCM to the ceiling cooling systems can notable 

improve their energy performance and reduce a risk of moisture condensation (Fig. 1.10). 
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Figure 1.10. Cooling (a) and regeneration mode (b) of the ventilated cooling ceiling with 

PCM (Weinläder, Körner, & Strieder, 2014) 

From the design perspective, PCM cooling applications in ceilings are either passive 
(similar to PCM-enhanced wall gypsum boards or internal plasters), (Fig. 1.11.) or active, 
which are usually a part of more complex, dynamic air conditioning systems using over-
night precooling with often incorporated space conditioning components (i.e., hydronic 
systems, micro-tubing heat exchangers, and air channels), (Fig.1.12). 

 

Figure 1.11. Passively working delta cool ceiling panels containing inorganic PCM 

(Kośny, 2015) 

 

Figure 1.12. Installation of the active-chilled ceiling system containing PCM-enhanced 

plaster and plastic micro-tubing (Kośny, 2015) 
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At the same time, a large number of demonstration and commercial projects 
focused on novel chilled ceilings with integrated PCM have been studied by the 
Fraunhofer ISE, Germany (Schossig et al. 2003, 2005; Kalz et al. 2007; Haussmann et al. 
2009). Different combinations of ceilings and mechanical systems were analyzed to 
demonstrate the main advantages of using PCM for space conditioning (Fig.1.13.). 

 

Figure 1.13. Active applications of PCM-enhanced ceiling systems (Kośny, 2015) 

In an office building study performed by Kondo and Ibamoto (2006) from Kanagawa 
University, Japan, the PCM-enhanced ceiling rock wool boards were used, in order to 
reduce the cooling peak load of the air-conditioning system. 

The research team from the National Technical University of Athens, Greece, 
utilized the combined numerical–experimental methodology for the solution of the 
transient three-dimensional heat transfer problem for night cooling with use of the PCM-
enhanced ceilings containing embedded piping (see Antonopoulos 1992; Antonopoulos 
and Democritou 1993; Antonopoulos et al. 1997; Antonopoulos and Tzivanidis 1997). This 
research demonstrated that thermal comfort requirements for the indoor space can be 
better satisfied during the day and night with an application of active PCM-enhanced 
ceiling systems, while compare to similar non-PCM concrete ceiling technologies.  

Furthermore, TES have been used in building solar systems in order to convert an 
intermittent energy source and meet the heating and domestic hot water demand (usually 
also intermittent but at different periods of time) (Cabeza, 2012)  

The concept of new solutions for nearly zero-energy buildings involve smart, new 
generation load-bearing structures with reduced dead weight and increased thermal 
energy storage properties (passive energy storage materials or systems will be 
incorporated into these structures). As a result, significant increase of the heat storage 
properties of the structures will be obtained ensuring that the building will not become 
overheated and has cost-efficient use of energy during the heating season. The envelope 
of the building will be made of materials with high thermal mass and same time with 
increased thermal isolation properties. Smart civil engineering systems selected for NZEB 
concept will provide increased of energy efficiency and use of renewable energy 
resources in buildings as well as optimally designed heating, ventilation and air 
conditioning systems will create an indoor climate, which is favourable to the human 
health and work performance. 
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1.2. General overview 

The objective of this project is to develop know-how concerning an energy efficient 
and sustainable construction under the temperate climatic conditions, with selection of the 
appropriate innovative technological solutions for the nearly zero energy buildings in 
climate with a great diurnal temperature variation and to develop solutions using passive 
elements with adaptive features to essentially increase the thermal inertia. 

One of the widest used such passive elements are Phase change materials which 
uses a principle of latent heat thermal energy storage. Although these materials have 
been known for more than 70 years, only recently they have started gaining some 
significant attention due to lowering cost of their production and ever-increasing energy 
prices. PCM essentially provide large thermal energy storage capacity at reduced 
thickness. They can reduce peak loads on cooling and heating and provide more uniform 
indoor air temperature reducing fluctuations and increasing thermal comfort. And their 
reduced size allows for their active use for building retrofitting. 

In scope of construction industry PCMs can be classified in two large groups – 
organic and inorganic PCMs (Fig.1.15.) Organic PCMs can be classified as paraffin’s and 
non-paraffin’s. They cover melting temperatures from -20 to 200 oC (Fig.1.14.). Because 
of their weak covalent bond these materials are unstable at higher temperatures. Density 
of organic PCMs is below 100 kg/m3, lower than inorganic PCM.  

 

 

 

 

 

 

 

 

 

 

Figure 1.14. Relationship between PCM melting enthalpy and temperature for the 
different groups of PCM (Baetens, Jelle, & Gustavsen, 2010) 

Because of this organic PCM usually have lower melting enthalpy. Main properties: 
during melting materials does not dissipate into ingredients, permanent nucleation 
process and non-corrosive.  

Parafins are alkanes with formula CnH2n+2. Parafins in melted state between C5 and 
C15 are liquids, others are waxes. Swelling because of melting is up to 10%, they are not 
soluble in water. Wax paraffin’s show good melting-crystallization stability, low reaction to 
other materials, low difference between melting and solidification temperatures, which 
make them appropriate for construction industry. Downsides of organic PCMs are their 
high reaction to fire, low thermal conductivity and low volumetric latent heat storage 
capacity. 
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Fatty acid formula is CH3(CH2)2nCOOH. Their melting enthalpy and other properties 
are similar to paraffin, but their price is two to three times higher, which makes them 
commercially unappealing. Similarly are with aldehydes, whose properties is comparable 
with paraffin’s but their price is higher (Mehling & Cabeza, 2008). 

Inorganic PCMs are classified as salts and salt hydrates. They exhibit large melting 
enthalpy on one material mass unit. They are cheaper than organic PCMs and are 
non-combustible. Downsides are low forming of nucleating centres and with it super-
cooling, which requires special additives to enhance. Also they can be corrosive with 
metals. 
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Figure 1.15. PCM classification (Sharma, Tahir, Reddy, & Mallick, 2016) 

Salt hydrates are most common PCMs, they consist of salt and chemically bounded 
water, which in the solidification process creates unified matrix. Their upsides are low 
costs and availability, on their other hand their melting temperature range are narrower 
than for organic PCM. 
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Figure 1.16. A synthetic diagram of PCM cooling applications (Souayfane, Fardoun, & 

Biwole, 2016) 

Possible applications of PCM on cooling can be seen in Fig.1.16. and Table 1.1. In 
scope of this research more interesting are the passive systems which are reviewed 

further. 

Table 1.1. Summary of major results from various research studies 

Reference 
PCM 

considered 
PCM location 

Objectives of 

study 
Major result Methodology 

(Weinläder, 
Beck, & Fricke, 
2005) 

RT25 (12 
mm) and 
S27 (8.6 
mm) 

PCMs located in 
transparent plastic 
containers placed 
behind a double 
glazing with an air 
gap of 10 mm 

Investigated 
on a south 
facade panel 
in Würzburg, 
Germany 

25% of energy 
gains can be 
reduced in 
summer; likewise 
30% heat losses 
and 50% solar 
heat gains can be 
reduced in winter 

Experiment 
and 
simulation 

(Ismail & Castro, 
1997) 

Mixture of 
commercial 
Glycol wax 

Incorporated in 
walls and roofs 

An existing 
building in 
Campinas, 
SP, Brazil was 

Save 19% and 
31% energy for 
cases using 
window and 

Simulation 
and 
experiment 
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considered central AC units 

(Zhang, Medina, 
& King, 2005) 

Highly 
crystalline, 
paraffin-
based PCM 

PCM frame walls 

A full 
instrumented 
test house of 
1.83 m × 1.83 
m × 1.22 m in 
Lawrence, KS, 
USA 

The space cooling 
load and the 
average wall peak 
heat flux were 
found to be 
reduced about 
8.6% and 15%, 
respectively 

Experiment 

(Nagano, 
Takeda, 
Mochida, 
Shimakura, & 
Nakamura, 2006) 

PCM 
composed 
of foamed 
glass beads 
and paraffin 
waxes 

PCM was 
embedded directly 
below OA floor 
boards in the form 
of granules 

A small 
experimental 
system with a 
floor area of 
0.5 m2 was 
investigated 

89% daily cooling 
load can be 
stored in night 
using a 30 mm 
thick packed bed 
of the granular 
PCM 

Experiment 

(S. Limas Kelly 
Kissock, 2006) 

K18 with an 
average 
melting 
temperature 
of 25.6 ◦C 

Integrated in walls 
and roofs 

Study includes 
concrete 
sandwich 
walls, low-
mass steel 
walls under 
the typical 
meteorological 
weather data 
in Dayton, 
Ohio 

The peak loads 
can be reduced 
by 19%, 30%, and 
16% in concrete 
sandwich walls, 
steel roofs and 
gypsum 
wallboards, 
respectively 

Simulation 

(Halford & 
Boehm, 2007) 

Salt type 
PCM that is 
held in 
stasis by a 
perlite 
matrix 

Between two 
layers of insulation 
in a configuration 
known as 
resistive, 
capacitive, 
resistive 

A geometry in 
which the 
wall/ceiling 
structure was 
assumed as a 
three-layer 
plane wall 
having the 
PCM in the 
center layer 

The results 
suggest that 19–
57% of maximum 
reduction in peak 
load as compared 
to a purely 
resistive R-19 wall 
can be achieved 

Simulation 

(Medina, King, & 
Zhang, 2008) 

Paraffin-
based PCM 

PCM is in thin-
walled copper 
pipes and inserted 
into horizontal 
slotscut into the 
polystyrene foam 

Fully 
instrumented 
test house of 
1.83 m × 1.83 
m × 1.22 m 
was analyzed 

The peak heat 
flux can be 
reduced by 37% 
and 62% using a 
PCMSIP with 
10% and 20% 
PCM 
concentrations 

Experiment 

(Stetiu & Feustel, 
1998) 

Paraffin-
based PCM 

The phase change 
wallboard 
containing 20% by 
paraffin mass 

A prototype 
IEA building 
located in 
California 
climate 
condition was 
selected 

28% of the peak 
cooling load was 
expected to be 
reduced 

Simulation 

(Turnpenny, 
Etheridge, & 
Reay, 2000) 

Ventilation 
cooling with 
LETES 

  

Heat 
pipe/PCM unit 
in a controlled 
environment, 

Ventilation with 
heat pipes 
embedded in 
PCMs for 

Simulation 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 
compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

 

                                                                                                    15 

 

„ Development, optimisation and sustainability evaluation of 
smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

measurements 
of heat 
transfer rate 
and melting 
times  

improving the air 
conditioning in 
buildings 

(Turnpenny, 
Etheridge, & 
Reay, 2001) 

Ventilation 
cooling with 
LETES 

PCM with a 
phase-change 
temperature of 
20°C 

Installing fan 
at the center 
of the 
system above 
the heat pipe, 
and preventing 
from 
overheating in 
the summer 

Heat pipes 
embedded in 
phase change 
material 

Experimental 

(Takeda, 
Nagano, 
Mochida, & 
Shimakura, 
2004) 

Ventilation 
using 
granular 
PCM 

 

Experimental 
ventilation 
system that 
features direct 
heat exchange 
between 
ventilation air 
and granules 
containing a 
phase change 
material 
(PCM) 

The outlet air 
temperature was 
fixed and stayed 
within the phase 
change 
temperature 
range 

Simulation 

(Nagano et al., 
2006) 

Floor supply 
air-
conditioning 
using 
granular 
PCM 

Combination of 
two kinds of 
industrial paraffin 
wax, hexadecane 
(C16H34) and 
octadecane 
(C18H38), 

new floor 
supply air 
conditioning 
system 

A 30 mm thick 
packed bed of the 
PCM could store 
89% of the daily 
cooling load 
during the night 

Experimental 
and 
simulation 

(Castellón, 
Castell, Medrano, 
Martorell, & 
Cabeza, 2009) 

PCM 
inclusion in 
building 
envelopes 

A Trombe wall  
with PCM 

Assessing the 
energy 
consumption 
and thermal 
comfort for 
nine test 
rooms with 
different 
envelopes 

Temperature 
were reduced by 
up 
to 4°C4°C through 
the use of PCM 

Experimental 

(Fang, Wu, & Liu, 
2010) 

Cool 
storage air-
conditioning 
with 
spherical 
capsules 

Water 

Experimental 
system on cool 
storage air-
conditioning 
with spherical 
capsules 
packed bed 

This system 
showed a better 
thermal 
performance than 
the conventional 
air-conditioning 

Experimental 

(Parameshwaran, 
Harikrishnan, & 
Kalaiselvam, 
2010) 

PCM-based 
variable air 
volume air-
conditioning 

Encapsulated 
PCM 

Achieving 
enhanced 
energy 
conservation 
for space 
conditioning  

Energy savings of 
38% and 42% 

Exprimental 

(de Gracia et al., Ventilated Macro- Test stands Achieving Experimental 
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2013) facade with 
PCM 

encapsulated salt 
hydrate SP-22 
from Rubitherm. 

located in 
Puigverd de 
Lleida (Spain) 
with ventilated 
facades 

average energy 
conservation 
around 28% and 
47% per day by 
employing DCV 
and ECV modes, 
respectively 

(Hichem, 
Noureddine, 
Nadia, & Djamila, 
2013) 

Brick filled 
with PCM 

Paraffin 52-54 
Heat flux 
through the 
wall 

Reducing the 
inner 
temperature, and 
the heat flux, 
entering the 
building, around 
3.8 °C and 82.1%, 
respectively 

Simulation 
and 
experimental 

(Labat, Virgone, 
David, & Kuznik, 
2014) 

PCM in air 
heat 
exchanger 
storage for 
ventilation 

Paraffin based, 
commercial 
Microtek 37D 

Heat 
exchanger 
prototype 
containing 
PCM material  

Energy stored 
and released is 
higher than 
2 kWh 

Experimental 

(Jaworski, 2014) 
PCM ceiling 
panel 

Gypsium panel 
with 
microencapsulated 
PCM (Micronal 
DS-5008X, made 
by BASF).  

A Ceiling 
panel 
containing 
mixture of 
PCM and 
gypsum 
mortar as 
night 
ventilation was 
applied 

Substantial 
dumping of daily 
oscillations of air 
temperature 

EXperimental 

(Real et al., 
2014) 

Heat pump-
based 
HVAC with 
PCM 

PCM tank 

improvement 
the 
performance 
of a heat 
pump based 
HVAC system 

Cold 
accumulation and 
heat dissipation 
with high COP of 
HVAC system, 
increasing the 
energy savings 
around 18.97% 

Simulation 
and 
experimental 

(Lin, Ma, Sohel, 
& Cooper, 2014) 

Ceiling 
ventilation 
with PVT 
collectors 
and PCM 

 

Performance 
evaluation of a 
novel ceiling 
ventilation 
system 
integrated with 
solar 
photovoltaic 
thermal (PVT) 
collectors and 
phase change 
materials 
(PCMs 

Improving the 
thermal comfort in 
a building even 
without air-
conditioning units, 
with a maximum 
air temperature 
rise of 23.1 °C 
from the PVT 
collectors 

Simulation  

(Mannivannan & 
Jaffb arsathiq Ali, 
2015) 

Concrete 
roof with 
PCM 

Chloride 
hexahydrate 
(CaCl26H2O)  

Building 
concrete roof 
with vertical 
cylindrical 
hole of 0.5 × 

Improving the 
thermal comfort 
and reducing the 
internal 
temperature 

Simulation 
and 
experimental 
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0.5 m and 
array of 3 × 3 
filled with 
phase change 
material 
(PCM) was 
considered for 
analysis 

fluctuations 
around 4 °C 

(Chaiyat, 2015) 

Air-
conditioner 
with packed 
ball bed of 
PCM 

Macrocapsulated 
Rubitherm20 (RT-
20) 

Concept of 
using phase 
change 
material 
(PCM) for 
improving 
cooling 
efficiency of an 
air-conditioner 

Increasing the 
electrical power, 
stored by the 
modified system, 
around 3.09 
kWh/d more than 
the basic one 

Simulation 
and 
experimental 

(Lee et al., 2015) 
Plug-and-
play walls 
(PPW) 

Thin boards of 
polymeric 
compounds 
saturated with 
PCM and 
laminated with 
aluminum foil on 
both sides and 
around the edges 

Existing 
institutional 
research 
building 

Decreasing the 
daily heat transfer 
and delaying the 
time of peak heat 
fluxes for the 
south and west 
facing walls 
around 27.4% 
and 10.5%, 
respectively 

Experimental 

(Jamil, Alam, 
Sanjayan, & 
Wilson, 2016) 

PCM in the 
room 
ceiling,  

Macro-
encapsulated 
BioPCM™ Q25, 
polyfilm 
encapsulated 
fatty-acid based 
organic PCM 

Existing house 
in Melbourne 
Australia 

Rescuing the 
thermal 
discomfort hours 
around 34%. 
Night ventilation is 
requested 

Simulation 
and 
experimental 

 

1.3. Selected materials and methods 

1.3.1. “DuPont Energain” 

“DuPont Energain” is PCM thermal mass panel laminated with protective aluminum 
foil, consisting of mix of copolymer and paraffin wax, the polymer ensures that the panel 
remains rigid while the paraffin is in liquid form. 

The solidification/melting temperatures of “DuPont Energain” can be seen in 
Fig.1.17. As the temperatures rise over 22 oC paraffin wax melts as the phase change 
takes place, and heat is absorbed into panels. As the temperature lower, reaching 18 oC, 
the wax solidifies and releases stored heat back into room environment2. 

 

 

                                                           

2 http://www.edsl.myzen.co.uk/downloads/misc/DuPont%20ENERGAIN(r)%20PCM%20Guidebook 
_December%202010.pdf  

http://www.edsl.myzen.co.uk/downloads/misc/DuPont%20ENERGAIN(r)%20PCM%20Guidebook
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Figure 1.17. DuPont Energain melting/solidification temperatures3 

“DuPont Energain” panels can be easily installed, they can be cut or sawn, and 

edges should be closed using aluminium foil tape (Fig. 1.18.). Can be attached by dry 

lining or gluing, can be covered with plasterboards or left uncovered as the foil functions 

also as protection.  

 

 

 

 

 

 

 

Figure 1.18. DuPont Energain panel (left)4 and application to ceiling (right)5 

1.3.2. “Ilkazell Ilkatherm” 

For production of “Ilkazell Ilkatherm” panels BASF “Micronal PCM Smartboards” is 
used and integrated in the cooling system. This system consists of sheet metal coating 
(1), PU rigid foam (2), capillary tube mat (3) and Micronal PCM (4)6.  

To increase energy efficiency and reduce peak temperatures in lightweight 
buildings, PCM (Phase Change Materials) can be used and integrated in various building 
elements like underfloor (Devaux & Farid, 2017), walls (Chhugani, Klinker, Weinlader, & 
Reim, 2017) and ceilings (Weinläder, Klinker, & Yasin, 2016). This system uses PCM 

                                                           

3 http://www.edsl.myzen.co.uk/downloads/misc/DuPont%20ENERGAIN(r)%20PCM%20Guidebook 
_December%202010.pdf 
4 https://www.e-architect.co.uk/products/dupont-energain  
5 https://www.e-architect.co.uk/products/wealdon-district-council  
6 https://www.ilkazell.de/fileadmin/wireframe/redaktion/downloads/Prospekte_en/en_prospekt_ilkatherm. Pdf 

http://www.edsl.myzen.co.uk/downloads/misc/DuPont%20ENERGAIN(r)%20PCM%20Guidebook
https://www.e-architect.co.uk/products/dupont-energain
https://www.e-architect.co.uk/products/wealdon-district-council
https://www.ilkazell.de/fileadmin/wireframe/redaktion/downloads/Prospekte_en/en_prospekt_ilkatherm
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cooling ceilings (Fig. 1.19.). The goal of PCM cooling ceilings is to reduce cooling peak 
loads and shift cooling loads from day into the night when it is more efficient to produce 
the cool air, thus improving the efficiency of cooling system and helping PCM to solidify 
and regenerate. 

 

 

 

 

 

 

 

 

Figure 1.19. “Ilkazell Ilkatherm” panel7 

 

Table 1.2. Ilkazell Ilkatherm makeup (see Fig.19.)8 

Insulation 80mm PU rigid foam, CFC-free, foamed-in 

Specific cooling performance 
approx. 80W/m² at 10K below-temperature 

and 16°C cold water temperature 

Capillary tube mats 
Polypropylene-capillaries, at distance of 10mm, 

Size of capillaries: 3,4 x 0,55mm 

 

1.3.3. “BioPCM” 

“BioPCM” is a plant based PCM (Fig. 1.20.) with melting temperature +25 oC, latent 

heat 200 kJ/kg, thermal conductivity 0,2 W/m*K. Its properties remain unchanged in 

artificial aging of more than 87 years. The used raw materials (soy and palm oil) for 

production of “BioPCM” is complexly treated and all fatty esters are removed, so rodents 

have no interest in this material.9 

 

 

 

 

 

                                                           

7 https://www.ilkazell.de/en/climate-systems/ilkatherm-ceiling-and-wall.html 
8 https://www.ilkazell.de/en/climate-systems/ilkatherm-ceiling-and-wall.html 
9 http://phasechange.com.au/product#toggle-id-7 

https://www.ilkazell.de/en/climate-systems/ilkatherm-ceiling-and-wall.html
https://www.ilkazell.de/en/climate-systems/ilkatherm-ceiling-and-wall.html
http://phasechange.com.au/product#toggle-id-7
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Figure 1.20. “BioPCM” based PCM material 

 

1.3.4. Knauf “Comfortboard” 

Knauf Ltd uses the same PCM technology as Ilkatherm production “Comfortboard” 
– BASF “Micronal”. The plasterboard of “Comfortboard” is made from FGD gypsum, a 
synthetic product derived from flue gas desulphurization and a waste by- product from 
coal-fired power plants (post-industrial recycled content). The paper liner is made 
primarily (>97%) from recycled paper”.10 

 

 

 

 

 

 

 

 Figure 1.21. Knauf “Comfortboard”11  

                                                           

10 http://www.knaufplasterboard.com.au/uploads/resource-documents/KNAUF_DESIGN_GUIDE_ 
COMFORTBOARD_MAY_2016.pdf 
11 http://www.bine.info/en/publications/publikation/latentwaermespeicher-in-gebaeuden/baustoffe- 
stabilisieren-raumklima/  

http://www.knaufplasterboard.com.au/uploads/resource-documents/KNAUF_DESIGN_GUIDE_
http://www.bine.info/en/publications/publikation/latentwaermespeicher-in-gebaeuden/baustoffe-%20stabilisieren-raumklima/
http://www.bine.info/en/publications/publikation/latentwaermespeicher-in-gebaeuden/baustoffe-%20stabilisieren-raumklima/


Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 
compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

 

                                                                                                    21 

 

„ Development, optimisation and sustainability evaluation of 
smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

Table 1.3. Summary of the reviewed PCM properties 

Properties and testing 
methods 

Unit 
DuPont 

Energain 
Ilkazell 

Ilkatherm 
BioPCM 

Knauf 
Comfortboard 

Thickness mm 5.26 105  - 12.5 

Width m 1 625  - 1250 

Length m 1.2 2600  - 2000 

Area weight kg/m2 4.5 28 3.57 11 

Melting point oC 21.7 23/26 25 18-23 

Heat storage kJ/m2 515 330 200 300 

 

1.3.5. Description of experimental research of Knauf 

“Comfortboard” and DuPont Energain® board 

In order to increase energy efficiency and thermal comfort in lightweight buildings, 
PCMs (Phase Change Materials) can be integrated within building components like 
finishing materials for walls or ceilings.  

Materials will used in research:  

 Knauf Comfortboard-23® which contains 80% gypsum and 20% 
microencapsulated paraffin12. The wallboard has a thickness of 12.5 mm and a 
heat storage capacity of 200 kJ/m2. The enthalpy-temperature graph is shown 
in Fig. 1a; the latent heat storage occurs between 18 °C and 23 °C (melting 
enthalpy in Fig. 1.22. a). In this temperature interval, the phase change from 
solid to liquid takes place and the PCM stores a high amount of heat. It can be 
seen from the partial enthalpies during solidification (blue bars in Fig. 1.22 a) 
that Knauf Comfortboard-23 shows nearly no subcooling. Solidification starts at 
23 °C, and PCM becomes perfectly solid at 18 °C.  

 DuPont Energain® board with a thickness of 5.26 mm; it is a compound of 
paraffin and copolymer, containing 60% paraffin13. Due to the percentage of 
paraffin, this board is flammable. Hence it is compulsory to apply a fire-resistant 
coating on the surface of the wallboard that faces the room for fire safety 
reasons. As Fig. 1.22 b shows, the melting range of this wallboard is between 
17 °C to 21 °C, which is derived from the experiments at the ZAE Bayern and 
the latent heat storage capacity is 515 kJ/m214. However, this board shows 
significant subcooling. As can be seen from the solidification in Fig. 1.22 b, the 
solidification slowly starts at 21 °C but the biggest part of the stored heat is only 
released below 19 °C.  

Thermal conductivity is another parameter that influences the thermal performance 
of a PCM. The thermal conductivity of both wallboards is 0.23 W/mK . 

                                                           

12 Knauf Comfortboard-23 data sheet. www.knauf.de/wmv/?id=13573.  
13 Kosteru, DuPont™ Energain® PCM guidebook, December 2010: new 
14 Kosteru, DuPont™ Energain® PCM guidebook, December 2010: new thermal mass solution for low inertia buildings 
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Figure 1.22. a and 1.22 b Enthalpy-temperature graph (a) Knauf Comfortboard-23 [2]; (b) 
DuPont Energain board 

Short description of the experience of B. Chhungani: the aim of B. Chhungani 
team’s research was to investigate the thermal behavior of two different PCM wallboards, 
the Knauf Comfortboard-23® and the DuPont Energain® Board (Chhugani et al., 2017). 
These wallboards were equipped in the office rooms of the Energy Efficiency Center of 
ZAE Bayern in Würzburg, Germany. The experimental results show that PCM wallboards 
can provide passive cooling powers of around 8 W/m2 under typical office room 
conditions. The experiments prove that PCM wallboards can almost store twice as much 
heat compared to conventional gypsum boards and can provide a passive cooling power 
which is comparable to a concrete wall with a thickness of 15 cm. However, the 
regeneration behavior of PCM wallboards plays a major role in its efficiency. The results 
reveal that Knauf Comfortboard-23 shows a better regeneration behavior than the DuPont 
Energain board. Still, the average regeneration rate of the Comfortboards-23 during the 
summer months in the offices of the Energy Efficiency Center was found to be below 
20%. The regeneration of the DuPont Energain board was nearly impossible being 1% in 
average. 

The conclusion is that a sufficient regeneration of PCM wallboards is an issue which 
has to be addressed to improve the thermal performance. However, PCMs are still well 
suited to achieve thermal comfort for lightweight buildings in moderate climate zones (e.g. 
Germany); the room temperature is mostly kept between 22°C to 26°C during summers. 

Given materials were selected to follow experience of Chhungani et al. and to 
evaluate effectiveness of them in Latvia climate. Experimental plan will be developed and 
selected materials will be investigated during that project. 

1.3.6. Doubts concerning to the economic and environmental 

evaluation of DuPont Energain® board done by A.L.S. Chan 

In additional to the investigation on the thermal and energy performance of PCM 
integrated in finishing materials, economic evaluation is an essential process for 
assessing the applicability of PCM in buildings (“Energy and environmental performance 
of building façades integrated with phase change material in subtropical Hong Kong,” 
2011). Both capital cost of PCM and electricity tariff are crucial factors affecting the 
successful application of PCM integrated façade with respect to economic return. 
Through information collection from the supplier and contractor, it is found that the 
material and installation cost of PCM wallboard Energain® is USD 70/m2. In Hong Kong, 
there is no differential pricing system for peak and non-peak periods in the tariff structure 
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for domestic consumers. The electricity charge for domestic users is USD 0.122/kWh. By 
comparing the base case to the one with west-facing PCM integrated façade in the living 
room of a residential flat, an annual saving of 72 kWh in the cooling energy of A/C unit 
was determined in the previous section. The area of the PCM incorporated into the 
external wall of the living room is 11.4 m2 in this study. Disregarding the time value of 
money, the simple payback period was estimated as 91 years. From this calculation, it 
indicates that the payback period is much longer than the average life span (60 years) of 
a residential building in Hong Kong. Obviously, the high capital cost of the PCM wallboard 
is the most significant disincentive to the successful application of PCM integrated façade 
in residential flats in Hong Kong, with respect to economic feasibility. 

The embodied energy for manufacturing of PCM is commonly expressed as energy 
consumed per unit area (kWh/m2) or per unit weight (kWh/kg). In this study, a value of 
148 kWh/m2 was used as the embodied energy of the Energain® PCM wallboard15. Based 
on an annual electricity saving of 72 kWh in A/C unit estimated for the application of PCM 
integrated external wall (area 11.4 m2) in the living room of a residential flat, an energy 
payback period of 23.4 years was determined. This is an encouraging finding that the net 
energy saving over the remaining 36.6 years (i.e. no. of years after the energy payback 
period) has a significant implication on protecting the environment. Taking an emission 
factor of 0.7 kg/kWh for CO2 average content16 , the saving in electricity consumption of 
A/C unit can give a reduction of GHG emission of 1.84 tones of CO2 equivalent per flat. 
The analysis shows that the energy saved can surpass the embodied energy of the PCM 
wallboard and contribute to mitigation of GHG emission over the life span of the building. 

1.3.7. Chilled ceilings with integrated PCM 

The aim of Kośny`s (Kośny, 2015) research work was to develop new space 
conditioning technologies enabling reduction of the primary energy consumption 
associated with space conditioning. It was found that the best approach for these targets 
is adding PCM thermal mass to construction material which shifts building thermal loads 
and allows decoupling the cooling demand from the cold production. This allows moving 
cold production from day to night, where most space conditioning systems can work more 
efficient and cost-effective due to lower night air temperatures and lower energy prices. 
As shown in Fig. 12, a chilled ceiling with integrated PCM gypsum plaster and plastic 
micro-tubing was installed in five office rooms with an overall surface area of 100 m2. The 
layer of the PCM plaster was about 3 cm thick with a density close to 950 kg/m3. The 
overall system heat storage capacity in a 6 degree temperature range was nearly 162 
Wh/m2. For comparison, for the same ceiling without PCM, heat storage capacity would 
be just around 62 Wh/m2.  

The experimental and analytical results show that the energy demand for cooling 
could be reduced by optimizing the control strategies. Shifting the energy demand from 
day to night by adding thermal mass to the building is a good solution to enhance the 
efficiency of most cold sources. Increasing the heat exchange area and the utilization 
capacity of a cold source is another important advantage achievable by using PCM in a 
chilled ceiling as dispersed storage. Measurements with chilled PCM ceilings also show 
that power output and response time are not negatively affected by the PCM, especially 

                                                           

15 Kosteru, DuPont™ Energain® PCM guidebook, December 2010: new thermal mass solution for low inertia buildings 
16 Guidelines to account for and report on greenhouse gas emissions and removals for buildings (commercial, residential or 
institutional purposes) in Hong Kong, 2010 Edition, Electrical and Mechanical Services Department and Environmental 
Protection Department, The Government of Hong Kong Special Administrative Region 
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since the increased thermal mass only has an effect within the PCM operation 
temperature range. Outside the phase transition range, the PCM-enhanced ceilings react 
in a similar way as conventional non-PCM chilled ceilings.  

 

1.3.8. Application of PCM underfloor heating in combination with 

PCM wallboards for space heating using price based control system 

Phase change materials are used with various building materials in order to 
increase their thermal mass. This research is on the application of phase change material 
in the form of DuPont Energain® wallboards in combination with an underfloor heating 
system incorporating phase change materials. An experimental study was carried out 
using two identical test huts at the Tamaki Campus, University of Auckland(Barzin, Chen, 
Young, & Farid, 2015). 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 1.23. (left) Experimental hut at Tamaki Campus; (right) The underfloor heating 
system used 

 

A series of experiments were conducted in two identical test huts at the Tamaki 
Campus, University of Auckland. A price-based control method was tested initially using a 
PCM underfloor heating system, which showed a successful morning peak load shifting. 
However very little improvement was observed during the evening peak load period. 
DuPont Energain® wallboards were installed on the interior walls in order to provide 
energy storage for evening peak. Experimental results showed that the application of the 
underfloor heating system in combination with PCM wallboard, enables very efficient 
energy usage. A total energy saving and electrical cost saving equal to 18.8% and 28.7%, 
respectively, were achieved over a period of five days. The highest energy saving 
achieved during this period was 35%, with a corresponding cost saving of 44.4%.  
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1.3.9. Evaluation of phase change materials for improving thermal 

comfort in a super-insulated residential building using BioPCM 

In a study, a newly constructed passive house duplex was thoroughly instrumented 
to monitor indoor environmental quality metrics and building energy use. One unit of the 
duplex was outfitted with 130 kg of PCM while the other unit served as a control. The 
performance of the PCM was evaluated through analysis of observed data and through 
additional computer simulation using an EnergyPlus whole-building energy simulation 
model validated with observed data (Sage-Lauck & Sailor, 2014). The used PCM was 
BioPCM described above. 

 

 

Figure 1.24. (left) Enthalpy curve for BioPCM25™ Standard; (right) The passive 

house duplex home is divided into two mirror-image apartments with a party wall on the 

north–south axis 

 

The results of the corresponding building energy simulations indicate that the 
incorporation of 0.9 kg/m2 floor area of PCM with a melt temperature of 25 °C is capable 
of reducing the zone hours overheated by about 50%. The simulations indicate that 
reducing the melt temperature of the PCM below 25 °C may have an adverse effect on 
thermal comfort. Finally, changing the location of the PCM from behind the drywall to the 
interior wall surface resulted in a reduction of zone hours overheated by more than 60% 
compared with a building with no PCM. While this type of surface application is not 
directly practical, this finding clearly demonstrates the value of maintaining good thermal 
coupling between the PCM and the interior air(Sage-Lauck & Sailor, 2014).  
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Conclusions  

In this review passive elements with adaptive features to essentially increase the 
thermal inertia for nearly zero energy buildings in climate with a great diurnal temperature 
variation were reviewed. 

One of the widest used such passive elements are Phase change materials which 
uses a principle of latent heat thermal energy storage. General overview of the PCM`s 
indicate, that although there has been extensive experimental work done in last decade, 
widespread commercial application of these materials is still developing. There are 
complex reasons behind this slow commercial adaption, but the main points are 
complicated installation and operation systems, economic justification and in general lack 
of know-how. 

PCM`s can reduce overheating and can effectively be used as passive cooling 
elements, following main requirements should be met: 

 Appropriate PCM for the particular application should be chosen – melting 
point, heat storage capacity and thermal conductivity is the main properties in 
question; 

 Correct placement of PCM in overall construction that greatly influences the 
effectiveness of the material; 

  Additional cooling systems should be used to maximize the effect of PCM`s 
and to provide increased thermal comfort. 

For the testing and experimental phase three PCM`s were chosen – DuPont 
Energain, Knauf “Comfortboard” and BioPCM. These materials have demonstrated their 
effectiveness in in-situ experiments and their commercial availability could allow for more 
widespread commercial use, also in nearly zero energy buildings. 

For additional cooling systems for PCM`s capillary ceiling cooling tubes were chosen 
for further experiments, as they have demonstrated good compatibility with other PCM`s 
and their reduced size allows for space saving solutions to be realized. 
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1.4. Thermal insulation materials  

1.4.1. General overview 

The overall of the project is to contribute to the enforcement of the requirements of 
Directive 2012/27/ EU of the European Parliament, more specifically to develop complex 
solutions based on the smart materials, innovative technologies and renewable resources for 
the nearly zero energy buildings (nZEB), as according to directive an economically justifiable 
mass construction with regard to nZEB should be started in 2019. 

In the scope of insulation materials the aim is to develop know-how concerning an 
energy efficient and sustainable construction under the temperate climatic conditions and to 
find effective and functional thermal insulation materials (for example, aerogel or vacuum 
insulation panels) and easy, convenient and quality assured mechanical integration 
technology (wooden and granular materials), taking in account economic justification of such 
solutions. 

Figure 1.25. Three major groups of effective insulation materials reviewed in summary 

To achieve the aims and objectives of this project all thermal insulation materials can be 
divided in three groups (Figure 1.25): Advanced insulation materials, Eco/local insulation 
materials and Standard insulation materials with lowered thermal conductivity. 

Group of Advanced insulation materials includes materials which have been 
commercially available only in recent years, can achieve significantly low thermal conductivity 
and can be considered State-of-art solutions. Because of the aforementioned reasons these 
materials also have notably high price when compared to other insulation materials, also none 
of them are made locally. This material group includes Aerogels, Vacuum insulation panels 
(VIP), Gas-filled panels (GFP) and pyrogenic silica. 

Eco/local insulation materials can be include in the second group reviewed in this 
summary (Figure 1.25.). These generally consist of bio-based material that is either and 
agricultural or wooden by-product with or without mineral binder. All these materials are or can 
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be made locally as the raw materials or their production technologies are readily available. 
One large advantage of such materials are their ecological properties, both in terms of 
production and exploitation (for example, indoor air quality, moisture and etc.). This group 
includes but is not limited to: Hempcrete panels and blocks, Straw industrial panels, Flax and 
wood fiber insulation, Cemented wood wool panels etc. 

The third group consists of materials that are being used in construction industry to 
some extent, but their price or relatively recent introduction have led to limited usage. All these 
materials have lower thermal conductivity then traditional ones that make them very 
appropriate choice for nZEB. Materials from this group almost entirely consists of materials of 
organic origin made by chemical synthesis, such as Polyurethane, Polyisocyanurate, Phenolic 
foam, Expanded polystyrene with graphene additives and others. 

All of the groups have their own advantages and disadvantages, mainly concerning 
thermal conductivity, price, local production and environmental impact, which will be 
summarized in later chapters. 

1.4.2. Advanced insulation materials 

Today’s architectural vanguard demands a building system such as is proposed in this 
research: a lightweight, variable geometry, seamless high energy performance system that 
also permits the passage of natural light and backlighting. No system combing all these 
features exists as yet, and similar systems are not absolutely free form and translucent, are 
not seamless and/or have a very limited thermal (Almusaed, 2012). 

In recent years, a great deal of effort has been dedicated to developing new 
technological solutions with the aim of reducing the heating and cooling energy consumption 
of buildings. One of the most promising solutions for the construction sector is the use of 
super insulation materials, such as vacuum insulation panels (VIPs) and Areogel-containing 
materials, in building envelope components. They allow optimal thermal insulation levels to be 
achieved, while keeping the total thickness of the envelope components below a certain 
thickness. Nevertheless, some barriers have to be overcome in order to penetrate the building 
construction market and to be widely adopted by designers. In fact, although these materials 
show remarkable potential for reducing energy consumption, few investigations have been 
carried out so far to evaluate their effectiveness in real building applications. In particular, the 
effects of the configuration adopted for their installation, in terms of design and materials, and 
the procedures used to evaluate their overall performance need to be investigated in more 
detail. 

The use of vacuum insulation panel (VIP) systems in building aims to minimize the 
thickness of the building’s outer skin while optimizing energy performance. The three types of 
vacuum chamber insulation systems (VIS) most commonly used in the construction industry 
today –metallized polymer multilayer film (MLF) or aluminium laminated film, double glazing 
and stainless steel sheet or plate (W. Willems, 2006). All these materials have weaknesses, 
such as the fragility of the outside protective skin, condensation inside the chamber, thermal 
bridges at the panel joints, and high cost, all of which have a bearing on on-site construction 
(Baetens et al., 2010). Apart from overcoming these weaknesses and being a transparent 
system, the new FTE (free-form, transparent, energy efficient envelope) system that we 
propose has two added values. The first is the possibility of generating a structural skin or 
self-supporting façade. The second is the possibility of designing free-form architectural skins.  

 From the viewpoint of energy performance, of the three types of translucent insulations 
that there are on the market (plastic fibers, gas and aerogel), the insulation that meets the 
needs of the new system is aerogel (Ismail, Salinas, & Henriquez, 2008) (Ismail et al., 2008). 
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Aerogel and nanogel (granular silica gel) have four advantages for use as thermal insulation in 
translucent panels:  

1. Transparency: aerogel is comparable to glass in terms of transparency (Moner-
Girona et al., 2002). Monolithic aerogel light transparency can be as high as 
87.6%, even greater than what some gas-insulated glasses can offer. Granular 
nanogel offers a greater translucency than any other traditional insulation material 
(including plastic fiber blankets). 

2. Insulation: on top of transparency, it is an excellent insulator. According to 
published data (Baetens et al., 2010), the thermal performance of a 70 mm 
nanogel-filled VIP is better than a 270 mm-thick hollow wall. The insulation values 
of a 15 mm nanogel-filled polycarbonate sheet are higher than any double glazing 
of similar thickness.  

3. Lightness: aerogel can be three times as heavy as air (Rubin & Lampert, 1983), 
which means that the panels that employ this material for insulation are very 
lightweight even though the density of the aerogel that we use as insulation is 50-
150kg/m³. 

4. Versatility: monolithic aerogel can be shaped as required. Being a nano-sized 
filling, granular nanogel can be used to fill any chamber. 

Most widespread system on the market is nanogel-filled cellular polycarbonate 

panels. They have the following strengths and weaknesses:  

 Strengths: Thanks to its low density 1.2g/m³, this is a very lightweight material. It 
has a high light transmission index ±90% (almost the transparency of 
methacrylate). It is a lowcost material for immediate use. And, at the 
competitiveness level, it is the least expensive envelope assembly.  

 Weaknesses: Durability is low. Most commercial brands guarantee their 
polycarbonate panels for only 10 years (as of when they start to deteriorate), 
whereas nanogel has a very high durability. These panels are very lightweight but 
very fragile to impact. Even though nanogel is an excellent acoustical insulator, the 
slimness of these panels means that they have acoustic shortcomings. 

No more than two types of reinforced polyester panels are commercialized despite the 
potential of this material. They have the following strengths and weaknesses:  

 Strengths: Good mechanical properties: glass fiber reinforced polyester resin 
core composites offer excellent flexibility, compressibility and impact resistance. 
Good malleability: they could be shaped according to design needs but no existing 
system offers this option. Durability is good, as there are methods to lengthen the 
material’s service life considerably (twice that of polycarbonate), like gelcoat 
coatings or protective solutions with an outer layer composed of a flexible “glass 
blanket”.  

 Weaknesses: There is no self-supporting (structural) panel that is standardized 
and commercialized worldwide. Existing systems have design faults, as they 
include internal aluminum carpentry or substructures, whereas there is, thanks to 
the characteristics of reinforced polyester, potential for manufacturing a self-
supporting panel (as in the case of single-hull pleasure boats). It is also 
questionable ecologically, as the polyester is reinforced with glass fiber, which has 
detracted from its use in building. However, this could change with the advent of 
new plastic and organic fibers and resins. Economically speaking, reinforced 
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polyester manufacturing systems are very expensive, because either processes 
are not industrialized or, on the other hand, they rather technology intensive like, 
for example, pultrusion 

Double glazed vacuum insulated panels (VIP) are still at the prototype stage. 
Although research and prototypes abound (HILIT+ y ZAE BAYERN, for example) (Fricke, 
2005), there are only a couple of commercial brands:  

 Strengths: Thanks to the combination of vacuum and aerogel insulation (both 
monolithic and granular), they provide the slimmest and best insulation system in 
the building world (0.5W/m²K). Transparency levels for some prototypes using 
monolithic aerogel are as high as 85% for thicknesses of 15 to 20 mm. 
Additionally, the service life of the glazing and the gel is very similar.  

 Weaknesses: Product of a combination of vacuum core and double glazing, this 
component is fragile, especially prone to impact-induced breakages. The high cost 
of molding glass into complex geometries rules out its use as a free form system. 
It is a system that depends on substructures and other components for use. 

As regards energy efficiency, these products offer more energy-saving performance 
than a 27cm thick traditional wall. With only 7 cm, they have an U value of 0.28W/m²K, which 
amounts to 7% better energy performance compared to a traditional wall and with 4% less 
thickness. Looking at double glazed VIP panels; the data indicate that, although still at the 
prototype stage, panels like these are the best commercial solution, as they offer the best 
thermal and acoustical insulation performance and optimal light transmission.  

At the acoustical and thermal level, the VIP panel is the best of the envelopes examined, 
as a 15 mm panel insulates equally as well as a traditional mass wall in terms of energy 
expenditure (saving). We find that, with a thickness of just 60 mm, this product improves the 
energy efficiency performance of a 271.5 mm cavity wall.  

All panels implemented with aerogel instead of nanogel are transparent. They have 
a high solar transmittance and low U value. At present all these systems are non-commercial 
prototypes, about which little is known. Noteworthy are two aerogel-insulated doubleglazed 
vacuum insulation panels (VIP):  

 double-glazed vacuum panels filled with monolithic aerogel with a pressure of 
100hPa1 in the aerogel chamber. The heat transfer coefficient Ug has a U value of 
0.7 W/m²K for 14 mm and 0.5 W/m²K for 20 mm compared to the 1.2W/m²K offered 
by 24 mm commercial nanogel-filled double glazing VIP. This almost doubles the 
insulation performance of the best commercial translucent panel. Light transmission 
depends on the angle of incidence, but varies from 64.7 to 87.5%. The sound 
attenuation index is 33dB for a panel thickness of 23 mm and noise reduction is 
expected to be improved to 37 dB. The energy saving compared with a dwelling that 
is glazed with gas-insulated triple glazing (argon and krypton) is from 10% to 20% 
greater.  

 Double-glazed vacuum insulation panels with aerogel spacers inside the core 
(unlikely to be commercialized for another two or three years). The heat transfer 
coefficient Ug for 10 mm panels has a U value of 0.5 W/m²K. This is the best of all 
the panels studied so far, where light transmission is equal to glass.  
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1.4.3. Selected advanced insulation materials  

In general aerogel is a porous material similar to gel, where only the solid framework is 
left – the liquid part is replaced by gas. The material has extremely low densities, at which 
very low thermal conductivity can be achieved. Aerogels can be made of many different 
materials. The name only refers to geometry of their arrangement. Most aerogels used for 
building applications are made of silica. 

Regarding building applications aerogels can be split in two groups, based on their 
transparency. The first group is partly transparent aerogel products and their main use is in 
enhancing window thermal conductivity and in the same time allowing for the light to go 
through. The other group is opaque aerogel materials, rigid or flexible, for enhancing thermal 
properties of walls, ceilings and floors. 

Transparent aerogels 

Cabot “Lumira” aerogel 

“Cabot” is one of the leading specialty chemicals and performance materials production 
company. Their “Lumira” aerogel is most widely used particulate silica aerogel that is used for 
daylight applications. As it is in bulk form, it is used as filling material of glass sandwich 
panels, sky roofs, window panels and various other transparent building elements. 

“Lumira” aerogel has particle size range of 0.7-4.0 mm, pore diameter of around 20 nm, 
porosity greater than 90%, particle density of 120-150 kg/m3, bulk density 65-85 kg/m3, 
hydrophobic surface, light transmission of 90% per cm of thickness, thermal conductivity 
0.018 W/m*K at density of 85 kg/m3 and 0.023 W/m*K at 65 kg/m3 (Figure 1.26.). 

“Lumira” is used by many different companies to create various daylight solutions – 
structural polycarbonate systems (Advanced Glazings, Ltd, Alcaud S.A., Solar Innovations, 
Wasco and others), custom tensile membrane structure (Birdair), U-channel glass (Pilkington 
BGI, Technical Glass Products) and structural composite panels (Kalwall, Solera)1. The last 
group is particularly interesting in the scope of nZEB, as it is possible to replace some of the 
higher U-Value traditional windows with these low U-Value daylights with aerogel insulation. 

 

Figure 1.26. Cabot “Lumira” aerogel L1000 particles2 

                                                           

1 http://www.cabotcorp.com/solutions/applications/construction/daylighting/daylighting-partners  
2 http://www.cabotcorp.com/solutions/applications/construction/daylighting/daylighting-partners 

http://www.cabotcorp.com/solutions/applications/construction/daylighting/daylighting-partners
http://www.cabotcorp.com/solutions/applications/construction/daylighting/daylighting-partners
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Solera “Lumira” aerogel panels 

Solera specializes in daylighting solutions providing deep penetration of sunlight indoors, 
by using wide angle diffusing translucent glass, thus lifting a significant portion of the sunlight 
from the floor and distributing it more evenly throughout the room (Figure 1.27.).  

. 

 

 

 

 

 

 

 

Figure 1.27. Joggins Fossil Cliff Museum with Solera “Lumira” panels in front façade1 

“Solera” panels can be filled their own “InsolCore” transparent insulation that uses rigid 

fiberglass insulation. This insulation can be replaced by “Lumira” aerogel thus lowering 

U-Value three times to 0.31 W/m2*K (Table 1.4.)3. 

Kalwall “Lumira” aerogel panels 

Kalwall specializes in light-transmitting, structural sandwich panel production. Their 

produced panels can be used as facades, curtain walls, window replacements, as well as sky 

roofs, skylights and canopies (Figure 1.28.).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.28. Kalwall “Lumira” aerogel panels Canada Street, Auckland4,5 

                                                           

3 http://www.cabotcorp.com/solutions/applications/construction/daylighting/daylighting-partners  
4 https://www.kalwall.com/technology/panel-anatomy/translucent-insulation/ 

http://www.cabotcorp.com/solutions/applications/construction/daylighting/daylighting-partners
https://www.kalwall.com/technology/panel-anatomy/translucent-insulation/
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Similar to “Solera”, for standard solutions low thermal conductivity is achieved with 
transparent fiberglass insulation. This thermal insulation can be enhanced, by using “Lumira” 
aerogel and achieving U-Values of 0.28 W/m2*K for 70 mm thickness panel (Table1.4.)6.  

Table 1.4.  Properties of panels that use Lumira aerogel 

  

SOLERA + 

Lumira aerogel R18 

Kalwall + 

Lumira 70 mm panel 

Nominal thickness  76.2 mm 70 mm 

Visual Light Transmittance (VLT)  7% - 32% 20% 

Shading Coefficient (SC)  0.08 - 0.36 0.287 

Solar Heat Gain Coefficient (SHGC)  0.07 - 0.30 0.25 

U-Value  0.31 W/m2·K 0.28 W/m2·K 

Sound Transmittance Class (STC) may exceed 52  - 

 

Non-transparent aerogels 

“Evonik Calostat” 

“Evonik Calostat“ is a rigid aerogel panel that is made from silicon dioxide (Figure 1.29). 
It has low thermal conductivity of 0.019 W/m*k and density of 165 kg/m2. As silicon dioxide is 
the raw mineral material that “Calostat” is made of, the fire rating classification according to 
EN 13501 is A2-s1, d0, which means it is nonflammable. The material is also hydrophobic and 
has average compressive strength of > 90 kPa, it does not contain fungicides, algaecides or 
pesticides, does not react with other composite materials, resistant to mold growth and 
recyclable (Table 1.5.)7. 

 

 

 

 

 

 

Figure 1.29. “Evonik Calostat” panels - left7 , BASF Slentite panel – right8 

 

 

                                                                                                                                                                                        

5 https://www.kalwall.com/kalwall-products/facades/walls/ 
6 http://www.advancedglazings.com/wp-content/uploads/2017/06/Solera_English_2017_1.pdf  
7 http://www.calostat.com/sites/lists/RE/DocumentsSI/CALOSTAT-A-warming-idea-an-awesome-innovation-

EN.pdf 

https://www.kalwall.com/kalwall-products/facades/walls/
http://www.advancedglazings.com/wp-content/uploads/2017/06/Solera_English_2017_1.pdf
http://www.calostat.com/sites/lists/RE/DocumentsSI/CALOSTAT-A-warming-idea-an-awesome-innovation-EN.pdf
http://www.calostat.com/sites/lists/RE/DocumentsSI/CALOSTAT-A-warming-idea-an-awesome-innovation-EN.pdf
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BASF “Slentite” 

BASF “Slentite” is rigid organic aerogel panel that is mechanically strong and made from 
polyurethane. With compressive strength of more than 300 kPa, it outperforms all other 
aerogel insulation materials (Table 1.5.). It can be handled like any other building insulation 
panel, it can be sawn, milled and drilled, and it is dust-free. Its open pores structure makes it 
appropriate choice as core for vacuum insulation panels (VIPs)8. 

“Fixit 222” aerogel plaster 

“Fixit 222” aerogel plaster uses aerogel produced by Cabot and embeds it in a lime-
cement plaster. With this combination it can achieve one of the lowest thermal conductivity 
coefficients that is achieved for commercial plaster 0.028 W/m*K (Table 1.5.). It can achieve 
the A2-s1, d0 class as it is mineral based and together with high water vapor permeability it 
makes it mould and mildew resistant9. 

Proctor “Spaceboard”, Active aerogels “Silflex”, “Thermablock” Aerogel 

insulation strip 

Proctor “Spaceboard”10, Active aerogels “Silflex”11, “Thermablock Aerogel” insulation 
strip12  – all of these ar flexible aerogel insulation mats. Although their thermal properties vary 
slightly (Table 1.5.), their general use is similar – as extra thermal insulation layer, allowing to 
use insulation from inside of the room, thus reducing the floor are lost to conventional 
insulation materials (Figure 1.30.). Also these materials can only achieve C-s1, d0 class, as 
their flexible base material is organic origin.  

These materials are also said to be vapor permeable, hydrophobic and remains its 
thermal conductivity for over 50 years in case of Proctor “Spaceboard”. Flexible aerogel mats 
provide similar or even better insulation capabilities than rigid panels, thus making it more 
suitable for nZEB. 

                                                           

8 http://www.polyurethanes.basf.com/pu/solutions/en/function/conversions:/publish/content/group/ News 

_und_Medien/Polyurethan/Slentite_EN.pdf 
9 http://www.fixit.ch/aerogel/?w=daemmputz 
10 http://www.proctorgroup.com/images/downloads/Thermal-Insulation/Spacetherm/Spacetherm_ Building 

_Construction.pdf 
11 http://thermablok.com/thermal-insulation/technical-support.htm 
12 http://www.activeaerogels.com/flexible-panel/ 

http://www.polyurethanes.basf.com/pu/solutions/en/function/conversions:/publish/content/group/
http://www.fixit.ch/aerogel/?w=daemmputz
http://www.proctorgroup.com/images/downloads/Thermal-Insulation/Spacetherm/Spacetherm_
http://thermablok.com/thermal-insulation/technical-support.htm
http://www.activeaerogels.com/flexible-panel/
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Figure 1.30. Flexible aerogel insulation – Proctor Spaceboard (left), Active aerogels 

Silflex (middle), Thermablock Aerogel insulation strip (right) 

 

Table 1.5. Non-transparent aerogel properties 

Properties and 

testing 

methods 

Unit 
Evonik 

CALOSTAT 

BASF 

Slentite 

FIXIT ag 

222 

Proctor 

Spaceboard 
Thermablok Silflex 

Type 
 

Board Board Plaster Mat Strips Mat 

Bulk density kg/m³ 165 - 220 150 150 130 

Thermal 
conductivity (λ) 

W/(mk) 0.019 0.017 0.028 0.015 0.0131 0.025 

Vapor diffusion 
resistance (μ) 

(μ) 6 - 4-5 
 

- - 

Water 
absorption 

kg/m² ≤ 0.1 - W1 - - - 

Moisture 
absorption 

M-% ≤ 1.0 - - - 1.08% - 

Compression 
strength 

kPa > 90 300 
4000-
25000 
(CS I) 

55 68 - 

Elastic recovery / 
recovery 
reversible 

% ≤ 10 - - ≤ 10 ≤ 10 - 

Fire - A2-s1, d0 - A2-s1, d0 C-s1, d0 C-s1, d0 - 

 

1.4.4. Vacuum insulation panels (VIPs) 

Vacuum insulation panels present superior thermal insulation properties, even greater 

than those of aerogels (Figure 1.31.). It is possible to achieve thermal conductivity coefficient 

in range of 0.002 – 0.006 W/m*K, that can be 7 time lower than that of aerogel insulation 

properties. Using vacuum insulation panels it is possible to save even more indoor are to 

insulation that is why traditionally VIPs have been used as insulation in vending machines and 

other applications connected to refrigeration industry. 
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Promat SlimVac, Isover IsoVIP, va-Q-tec va-Q-vip 

 

Figure 1.31. VIPs – Promat SlimVac (left)13, Isover IsoVIP (middle)14 , va-Q-tec va-Q-vip 

(right)15 

The main disadvantage of VIPs lays in their fragile nature. Panels should be treated with 

extreme care during installation, as damaged panel assumes thermal conductivity of its inner 

core material, that can be aerogel, pyrogenic silica, fiberglass insulation or other insulation 

material with thermal conductivity of around 0.020 W/m*K. Extra care is necessary to also 

protect materials throughout their whole usage period. VIPs also lose some of their vacuum 

due to slow air infiltration, in 25 years thermal conductivity rises by around 0.003 W/m*K. 

Promat SlimVac, Isover IsoVIP and va-Q-tec va-Q-vip are all similar VIPs, they have 

similar densities and thus thermal conductivity is similar around 0.005 – 0.006 W/m*K. From 

Figure 1.30. it can be seen that their overall execution is also similar – all of them consist of 

aluminum foil outer layer as pressure barrier. Only significant difference is the inner core 

material used, in case of SlimVac and va-Q-vip it is pyrogenic silica insulation, in case of 

IsoVIP it is polyurethane. Thus the difference is in reaction to fire. The first two are non-

combustible, IsoVIP can only achieve F class. Summary of all Vacuum insulation panel 

properties can be seen in Table 1.6.  

Table 1.6. Vacuum insulation panel properties 

Properties and testing 

methods Unit 

Promat 

SlimVac[11] 

Isover 

IsoVIP[12] va-Q-vip [14] 

Bulk density kg/m³ 160-210 170-210 175-250 

Thermal conductivity (λ) W/(mk) 0.0061 0.0052 < 0.005 

Temperature range °C  - 50 to + 80  -  -70 to + 70 

Moisture resistance  % 60  - 60 

Reaction to fire  - 
Non-

combustible F class 
Non-

combustible 

Compressive strength  MPa 0.2  - 0.15 

                                                           

13 http://www.promat-hpi.com/en/applications/buildings/building-outside/slimvac-terraces-roofs-walls-glass-

facades 
14 https://www.isover.com/news/isovip-high-performance-vacuum-insulation-solution-isover-france 
15 https://www.isover.fr/sites/isover.fr/files/assets/documents/AT_Optima-VIP_20_15_360_021 

621F104134DBEACA546B8DF142665.pdf 

http://www.promat-hpi.com/en/applications/buildings/building-outside/slimvac-terraces-roofs-walls-glass-facades
http://www.promat-hpi.com/en/applications/buildings/building-outside/slimvac-terraces-roofs-walls-glass-facades
https://www.isover.com/news/isovip-high-performance-vacuum-insulation-solution-isover-france
https://www.isover.fr/sites/isover.fr/files/assets/documents/AT_Optima-VIP_20_15_360_021%20621F104134DBEACA546B8DF142665.pdf
https://www.isover.fr/sites/isover.fr/files/assets/documents/AT_Optima-VIP_20_15_360_021%20621F104134DBEACA546B8DF142665.pdf
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Gas filled panels (GFPs) 

Gas filed panels (GFPs) uses external aluminum foil and polymer laminates and internal 

aluminum film layers, to create a honeycomb structure when inflated full of air or other gas 

(Figure 1.32.). Fi-Foil is one of the biggest GFP suppliers, their GFP Insulation panel can 

achieve U-Values of thermal conductivity of 0.035 W/m*K with air, 0.021 W/m*K with argon 

and 0.010 W/m*K with krypton16. Advantage of these materials is their low thermal 

conductivity with low material usage, disadvantages are similar to VIPs – significantly difficult 

installation and use, as even little damage can destroy whole panel. 

 

  

 

 

 

 

Figure 1.32. Gas filled panels – inner structure (left)16 [14], Fi-Foil GFP panel (right)17 

 

1.4.5. Ecological/local insulation materials 
 

Ecological insulation materials made of local raw materials is the second big group of 

materials that will be review in this summary. All these materials share two common 

properties, they all contain agricultural or wooden particles (by-products and purposely grown) 

and they all are or can be produced locally, as the raw materials or technological production 

solutions is readily available. To some extent all materials in this group can be called 

ecological, as overall negative effect on environment or to the indoor quality is much less than 

that of traditional building materials. 

The materials in this group includes rigid wooden frame agricultural waste panels as 

Hempcrete panels – hemp shives with binder and Ecococon straw panels – baled and 

pressed straw panels. It also includes cement-wood construction boards and various wool 

insulation – flax, wood and seaweed based insulation for example NeptuTherm. Also a hemp 

based lime plaster will be reviewed. 

Hempcrete 

One of the materials that have some gained popularity in recent years thanks to its 

ability to sequester CO2 and to buffer indoor air moisture is Hempcrete. It is made of industrial 

by-product of hemp fiber production – hemp shives and lime based binder (LHC). It is used as 

self-bearing thermal insulation material usually with structural timber frame. To understand 

fully all positive properties of Hempcrete it is review here through CO2 the prism of EU 

                                                           

16 http://www.va-q-tec.com/en/products/vacuum-insulation-panel-vip/va-q-vip.html 
17 http://www.colorado.edu/engineering/ASEN/asen5519/08incubator-heat.htm 

http://www.va-q-tec.com/en/products/vacuum-insulation-panel-vip/va-q-vip.html
http://www.colorado.edu/engineering/ASEN/asen5519/08incubator-heat.htm
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regulation N305/2011 which sets 7 requirements for construction and building materials 

(Sinka, Sahmenko, & Korjakins, 2014):  

1. Mechanical resistance and stability – it has much higher mechanical resistance as 

typical thermal insulation materials, as it does not need any extra layers with 

materials and a plaster can be applied straight on the surface (Elfordy, Lucas, 

Tancret, Scudeller, & Goudet, 2008)  

2. Safety in a case of fire – the addition of mineral binders can improve hemp fire 

resistance up to class B by EN 13501-1 (Sassoni, Manzi, Motori, Montecchi, & 

Canti, 2014) compared to typical E class of natural fiber insulation materials 

without mineral binder (Kymäläinen & Sjöberg, 2008). 

3. Hygiene, health and the environment – LHC does not contain VOC`s or any other 

harmful substances. It also has great moisture buffering capabilities, which 

improves indoor air quality by preventing fungus and mould growth – which is a 

cause for allergic diseases (Tran Le, Maalouf, Mai, Wurtz, & Collet, 2010), (Ó 

Broin, Mata, Göransson, & Johnsson, 2013). 

4. Safety and accessibility in use – no major advantages/disadvantages. 

5. Protection against noise – due to its porous and fiber structure, higher density than 

regular insulation materials, LHC insulates sound with both absorption and 

reflection providing better sound insulation at equal thickness (Cerezo Véronique, 

2005). 

6. Energy economy and heat retention – LHC has a relatively good thermal insulation 

properties – λ below 0.080 (W/m*K) which makes it compatible with other 

insulation materials (Sassoni et al., 2014), (Benfratello et al., 2013). 

7. Sustainable use of natural resources – it has been proven by several researchers 

that the whole manufacture process of LHC sequester more CO2 then is released 

into the atmosphere, as the hemp plant takes up carbon dioxide in growing 

process and lime also gathers CO2 in its hardening process. The amount of 

carbon dioxide sequestered is around 35 kg for 260 (Ip & Miller, 2012) or 300 

(Shea, Lawrence, & Walker, 2012) mm thick LHC wall. 

As not all of the properties are declared by the producers, it is necessary to summarize 

general properties of this material from available scientific literature. In scope of this project 

local producers of ecological materials are more interesting. Currently there are two 

companies producing Hempcrete products in Latvia – “Hemp Eco System Latvia” Ltd. and 

“Esco Būve” Ltd. that is most known for their trademark “Remember Brothers”. 

“Hemp Eco System Latvia” Ltd has been approbating the production technology from 

the Swiss company “Hemp eco systems SA”. Company mix the Hempcrete concrete on site 

and pour it in the shuttering system. This method although good for individual design of 

houses does present challenges, the main being high labor intensity. It would be under 

question to significantly increase popularity of such as materials produced by this method in 

the sector of nZEB, thus this method is dismissed in favour of more industrialized approach. 

The company “Remember Brothers” is using more industrialized approach producing 

their panels in factory and only assembling them on site (Figure 1.33.) compare with “Hemp 
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Eco System Latvia” Ltd. This allows for much less labor intensive construction and also makes 

the whole construction cycle more independent from weather conditions. The company is 

using hemp shives from local producers as raw material, thus most of the material is entirely 

made locally. The binder is specially produced by the local dry mixture producer “Sakert” Ltd., 

although using also imported raw materials as for example hydraulic lime is not produced 

locally, but is essential for the mixture. The declared properties of the material can be seen in 

Table 1.7. 

 

 

 

 

 

 

 

 

 

Figure 1.33. “Remember Brothers” Hempcrete panels18 

“Ecococon” straw panels 

For production of “Ecococon” straw panels similar technology as it was descripted 

previously regarding with hemp panels is used (Figure 1.34.). Structural timber frame is used 

in combination with agricultural by-products –straw, only in this case no mineral binder is 

used. Straws are dried (moisture level not exceeds 15%) and compressed to achieve density 

100-120 kg/m3 thus achieving more uniform straw directional alignment which increases 

thermal conductivity. These panels are also easy to install on site, thus allowing this solution 

to be used on wide scale. the panel can achieve fire rating class of B—s1,d0 (Tab.1.4.) by 

plaster applying19. 

 

 

 

 

 

 

Figure 1.34. Ecococon straw panels19 

                                                           

18 http://www.rememberbrothers.com/galerijas 
19 http://www.ecococon.lt/latvia/downloads/vispariga-informacija/ 
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  Cewood cemented wood wool panels 

“Cewood” cemented wood wool panels are made of locally available, high quality, 3 mm 

wood wool with standard Portland cement as a mineral binder. These panels can be used for 

their superb acoustic properties or as decorative panels in ceiling and wall systems.  

Panels can also be used for construction application which is in scope of this project. 

They can be used together with timber frame to provide both insulation capabilities and 

structural integrity (Figure 1.35.). As this material has quite high density, it also has high 

thermal conductivity, which in case on nZEB requires it to be used together with other lower 

thermal conductivity materials. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.35. “Cewood” cemented wood wool construction panels (upper)20, possible 

applications of wood wool panel (lower)21 

 “Akoterm” flax wool insulation mats 

These flax thermal insulation plates are made of 85% flax fiber and 15% adhesives 

(Figure 1.36.). Material overall has similar properties of other wool insulation materials, its 

main advantage is its production from the bio-based raw materials and increased 

soundproofing capabilities22 (Table 1.7.). 

In scope of this project a flax insulation plates from Akoterm are reviewed, produced in 

Belorussia. Although not made completely locally, flax production in Latvia is sufficiently 

developed for such materials to also be produced more locally in coming years. 

“Steico Zell” wood wool loose insulation 

“Steico Zell” is wood wool loose thermal insulation material that is applied by air injection 

(Figure 1.36.). As in case of “Akoterm” flax insulation its properties are similar to those of 

                                                           

20 http://www.cewood.com/products/construction-panels 
21 http://media.voog.com/0000/0039/1555/files/Timber-frame_house_Cewood.pdf 
22 http://akoterm.com/en_US/ 

http://www.cewood.com/products/construction-panels
http://media.voog.com/0000/0039/1555/files/Timber-frame_house_Cewood.pdf
http://akoterm.com/en_US/
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other loose insulation materials, just with enhanced moisture regulation and environmentally 

responsible raw materials, as Steico is using wood that is only FSC certified23. 

 

 

 

 

 

 

 

 

Figure 1.36. Akoterm flax insulation mats (left)22, Steico Zell loos wood wool insulation23 

 

Table 1.7. Summary of Eco/local material properties 

Properties and 

testing methods 
Unit 

Hempcrete 

panel 

Ecoccocon 

straw  400 

mm panel 

Cewood 

construction 

boards 

Akoterm 

Flax 

wool 

Steico Zell 

Type  - Panel 
Prefabricated 

panel Board Wool 
Loose 

insulation 

Bulk density kg/m³ 400 100 400-500 30 32-40 

Thermal 
conductivity (λ) W/(mk) 0.070 0.043 0.066 0.038 0.038 

Vapor diffusion 
resistance (μ) (μ)  - 

9.14 (clay 
plaster)  -  -  1-2 

Sound insulation dB  - 54  -  -  - 

Compression 
strength  -  - 36.9 kN/m  -  -  - 

Fire resistance  -  - 
B-si,d0 (with 
clay plaster) B-s1, d0  - E 

 

1.4.6. Standard insulation materials with lowered thermal conductivity 

All materials in this group are of organic origin, they are known in construction industry 

to some extent, but their price or relatively recent introduction have led to limited usage. All 

these materials have poor reaction to fire because of their organic origin, but on the other 

hand can deliver significantly decreased thermal conductivity at only proportionally increased 

price, which makes all these materials interesting for possible use in nZEB. 

 

 

                                                           

23 http://www.steico.com/int/products/einblas-daemmung/steicozell/overview/ 

http://www.steico.com/int/products/einblas-daemmung/steicozell/overview/
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Polyurethane (PUR)  

It is produced in an exothermic reaction between di- or polyisocyanate and polyether 

polyol. As all materials in this group it has high reaction to fire. Its thermal conductivity 

increases together with cell size (Schiavoni, D׳Alessandro, Bianchi, & Asdrubali, 2016) . 

In scope of this work two products are reviewed – “Tenapors PUR DT” panels (Figure 

1.36.) and BASF “Elastospray” sprayed insulation. Properties can be seen in Table 1.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.37. “Tenapors PIR” (upper left), “Tenapors NEO EPS” (upper right), “Finfoam FF-

PIR” (lower left), “Kingspan Therma” (lower right) 

 

Polyisocyanurate (PIR) 

PIR materials are produced through similar reaction as PUR, only polyester-derived 

polyol and a higher proportion of methylene diphenyl diisocyanate is used. In general they 

have higher resistance to fire than PUR and also lower thermal conductivity (Schiavoni et al., 

2016). 

In scope of this work three products are reviewed – “Tenapors PIR DT” panels (Figure 

1.37.) “Finfoam FF-PIR” (Figure 1.37.) and “Kingspan Therma TF70” (Figure 1.37.). 

Properties can be seen in Table 1.8. 

Phenolic foam 

Phenolic foam is also of organic origin, it differs from PUR and PIR with even lower 

thermal conductivity and higher density. Its thermal conductivity is more influenced by the 

water content (Schiavoni et al., 2016). In scope of this “Kingspan Kooltherm” is reviewed in 

Table 1.8. 
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Expanded polystyrene (EPS) with graphene additives 

EPS is produced by evaporating that is added into polystyrene grains. EPS have high 

reaction to fire, so usually flame retardants are added in manufacturing process. Recently 

BASF have enhanced standard EPS properties by adding graphene nanoparticles that reflects 

heat, thus lowering thermal conductivity. In such way it is possible to achieve material with low 

thermal conductivity of around 0.03 W/m*K, but with only minimal increase in price, which also 

makes this material attractive for use in nZEB. “Tenapors NEO EPS 150” and is reviewed in 

Table 1.8. 

Table 1.8. PUR, PIR, Phenolic foam and EPS properties 

 

 

1.4.7. Environmental impact of insulation materials 

Research done by Tingley et al. (Tingley, Hathway, & Davison, 2015) quantifies and 

compares the environmental impact of three insulation materials: expanded polystyrene, 

phenolic foam and mineral wool insulation. It was found that expanded polystyrene had the 

lowest environmental impact in fourteen of the sixteen impact categories examined (Fig.1.38.). 

When applied to a typical dwelling, all three insulation materials demonstrated a net positive 

benefit over a thirtyyear life span due to the reduced heating requirements of the building. A 

study of embodied carbon also included PIR and woodfibre boards. This demonstrated that 

woodfibre board had the lowest embodied carbon, mainly due to carbon sequestration. 

Modest savings (e.g. 115 kgCO2eq if EPS is used instead of phenolic foam) can be made 

from insulation choice for a single house but these savings become much more significant if 

scaled across the large number of UK homes that would benefit from external wall insulation.  

                                                           

24 http://tenapors.lv/en/product-by-use-open/2/80 
25http://www.polyurethanes.basf.com/pu/solutions/en/function/conversions:/publish/content/group/ 

Arbeitsgebiete_und_Produkte/construction/spray_foam/Elastospray_DOP/NL17-0015-01-CPR-17_EN.pdf 
26 https://www.finnfoam.lv/files/dop/fi-1/FF-PIR/recent/Finnfoam_2017_en_FF-PIR%20ALI_141-FF-2017-06-

06.pdf 
27 http://spu.studio.crasman.fi/file/dl/i/DiAxYA/uQpxTJjKjYOUTXkziMAqGg/CPR_2013_TF70_ 001_EN.pdf 
28 http://tenapors.lv/en/product-by-use-open/3/78 
29 https://www.kingspan.com/roe/el-gr/products/insulation/declaration-of-performance/kooltherm-k3-floorboard 
30 http://tenapors.lv/en/product-by-use-open/2/14  

Properties and 

testing 

methods Unit 
Tenopors 

PUR DT24  

BASF 

Elastospr
25  

Finfoam 

FF-PIR26 

Kingspan 

Therma 

TF7027 

Tenapors 

PIR DT28 

Kingspan 

Kooltherm
29 

Tenapors 

NEO EPS 

15030  

Type  - PUR 
PUR 

(spray) PIR PIR PIR 
Phenolic 

foam EPS 

Bulk density kg/m³ 38  - 30  - 35  - 27 

Thermal 
conductivity (λ) W/(mk) <0.024 0.028 0.022 0.022 <0.024 0.020 0.030 

Compressive 
stress ar 10% 
deformation kPa 120 200 100 100 >100 100 150 

Reaction to fire Class F E E E F C-s2,d0 E 

http://tenapors.lv/en/product-by-use-open/2/80
http://www.polyurethanes.basf.com/pu/solutions/en/function/conversions:/publish/content/group/
https://www.finnfoam.lv/files/dop/fi-1/FF-PIR/recent/Finnfoam_2017_en_FF-PIR%20ALI_141-FF-2017-06-06.pdf
https://www.finnfoam.lv/files/dop/fi-1/FF-PIR/recent/Finnfoam_2017_en_FF-PIR%20ALI_141-FF-2017-06-06.pdf
http://spu.studio.crasman.fi/file/dl/i/DiAxYA/uQpxTJjKjYOUTXkziMAqGg/CPR_2013_TF70_%20001_EN.pdf
http://tenapors.lv/en/product-by-use-open/3/78
https://www.kingspan.com/roe/el-gr/products/insulation/declaration-of-performance/kooltherm-k3-floorboard
http://tenapors.lv/en/product-by-use-open/2/14
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Figure 1.38. Environmental impact category for the reviewed materials (Tingley et al., 2015) 

 

This study of Braulio-Gonzalo (Braulio-Gonzalo & Bovea, 2017) presents a methodology 

to analyze optimum insulation material for the building’s envelope (roof, façade and floor) and 

its thickness to achieve energy demand reductions in the operation phase of the building, 

which is based on the Life Cycle Assessment and Life Cycle Costing methodologies to 

integrate both environmental and economic aspects, respectively. The system boundary 

includes the life cycle stages of product and use defined by recent European standards. A 

selection of eleven alternative insulation materials, both conventional and emerging ones 

based on natural products, were chosen to conduct the study. After applying the methodology 

to a single-family house in Spain and performing a sensitivity analysis, the results revealed 

that sheep wool and recycled cotton, jointly with traditionally used mineral and glass wool,  
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Table 1.9. Materials used in the research of environmental impact of insulation 

should be promoted in the construction industry as they offer the highest eco-efficient 

performance among the analyzed insulation materials(Table 1.9., Fig. 1.39.). Reductions of up 

to 40% in energy demand compared to regulations standards can be achieved in the eco-

efficiency context. 

 

Figure 1.39. Environmental impact (Global Warming, kg eq. CO2) per 1 m2 of each element of 

the building’s envelope (roof, floor or façade), by type of insulation material and by scenario 

(Braulio-Gonzalo & Bovea, 2017) 
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Conclusions 

In the scope of this review, the aim is to develop know-how concerning an energy 
efficient and sustainable construction under the temperate climatic conditions and to find 
effective and functional thermal insulation materials and easy, convenient and quality assured 
mechanical integration technology, taking in account economic justification of such solutions. 

It was proposed in this review to group all insulation materials in three major groups 
depending on their properties, manufacturing technology and raw materials used, and price. 
These groups were with the materials analysed: 

 Advanced insulation materials 
o Aerogels 

 Cabot “Lumira” aerogel 
 Solera “Lumira” aerogel panels 
 Kalwall “Lumira” aerogel panels 
 Evonik Calostat 
 BASF Slentite 
 Proctor “Spaceboard” 

o Vacuum insulation panels (VIPs) 
 Promat SlimVac 
 Isover IsoVIP 
 va-Q-tec va-Q-vip   

o Gas filled panels (GFPs) 

 Eco/local insulation materials 
o Hempcrete 
o Straw panels 
o Cemented wood wool panels 
o Flax wool insulation mats 
o Wood wool loose insulation 

 Standard insulation materials with lowered thermal conductivity 
o Polyurethane (PUR) 
o Polyisocyanurate (PIR) 
o Phenolic foam 
o Expanded polystyrene (EPS) with graphene additives 

General conclusions about the reviewed groups of materials: 

 Transparent aerogel panels show great thermal insulation properties and could be 
used in construction of nZEB from technical side, but their main disadvantage is 
their price, which at this level of development allows it only to be used in pilot 
projects not in commercial scale projects. 

 Non-transparent aerogels share similarly great thermal conductivity properties as 
transparent aerogels, but with reduced price. These materials could be used for 
nZEB applications where low thickness materials are necessary, such as 
renovations. 

 VIP`s offer the lowest thermal conductivity, lower than 0.006 W/m*K, main 
drawback of these materials is the fragile nature, that requires extra care when 
installing and maintaining these materials, as well as lose of vacuum over time. 

 Gas filed panels - advantage of these materials is their low thermal conductivity 
with low material usage, disadvantages are similar to VIPs – significantly difficult 
installation and use, as even little damage can destroy whole panel. 
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 Hempcrete is one of the materials that simultaneously provides a high-level energy 
efficiency as well as reduced impact on the environment. The CO2 has been 
accumulated by the hemp shives through photosynthesis while growing and by 
the lime through carbonating in its hardening process, thus in total this material 
has ensured a negative CO2 emission by locking more carbon dioxide in the 
material than unlocked during the production process, thus ensuring 
accumulation of the CO2 at 6.67 to 136.65 kg CO2 eq./m3 of material. Thermal 
conductivity of this material is 0.06 – 0.076 W/m*K. Overall these properties 
makes it very appropriate for nZEB construction 

 Standard insulation materials with lowered thermal conductivity exhibit the best 
price/thermal conductivity ratio. This is countered by their low reaction to fire 
class and environmental impact. 

 From their impact on environment only ecological and standard materials can be 
compared as there is insufficient research regarding environmental impact of 
most advanced building materials. The results from research show that overall 
the ecological material group show reduced impact on environment compared to 
standard insulation materials, regarding CO2 emission and all other impact 
categories. 

After conduction the review, following materials were chosen for the laboratory and in-
situ tests: Evonik and Proctor aerogels, VIP`s, reflective insulation materials, hempcrete, straw 
panels, polyisocyanurate and phenolic foam insulation. 
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2. Innovative solutions of heating, cooling and ventilation 

systems for nZEB in cold climate 

2.1. Introduction 

This section of the report will generally describe the possible active and passive 
technological solutions of heating, cooling and ventilation solutions for nZEB in cold 
climate. 

The definition of nZEB is stated in Latvian Regulations for Energy Certification of 
Buildings Nr. 383 (Ministru kabineta noteikumi Nr.383 “Noteikumi par ēku 
energosertifikāciju”), that state that the building can be classified as an almost zero 
energy building if it meets all the following requirements: 

1. the energy performance of the building for heating corresponds to Class A (residential 

buildings < 40 kWh/m2/year; non-residential < 45 kWh/m2/year), at the same time 
providing indoor microclimate in accordance with the construction, hygiene and labour 
protection requirements; 

2. total primary energy consumption for heating, hot water supply, mechanical 

ventilation, cooling and lighting is not more than 95 kWh/m2/year; 

3. high efficiency systems are used in the building, which: 

3.1. provide heat recovery for at least 75% of ventilation heat loss during heating 
season; 

3.2. at least partly uses renewable energy sources; 

4. there is no low efficiency fossil fuel heating equipment installed in the building. 

In general, this means that the building must consume a very low amount of energy 
and some part of the energy necessary must be ensured through renewable energy 
sources. However, it is not specified in the regulations how large this renewable energy 
part should be. 

To achieve the low amount of necessary heating energy innovative passive 
solutions must be applied. These could include a wide variety of elements, starting from 
architectural details like form of building, window orientation, used materials, green roofs 
or walls, blinds, overhangs and leading up to technical solutions like ground-air heat 
exchanger for ventilation or adiabatic cooling. The rest of the necessary energy must be 
supplied in a way that is simultaneously cheap, effective, easily operated, reliable, 
sustainable, provides the necessary indoor air quality (IAQ), captures the spirit of nZEB 
way of thought and at the same time is at least partly renewable. 

In theory, with unlimited, founds it is not hard to ensure that the building conforms 
with the local regulations of nZEB as it is always possible to apply thicker or better 
insulation, install larger areas or more efficient renewable heat sources, more expensive 
ventilation units or apply some other high-tech solutions. The challenge is to do it in a 
feasible and smart way, which comes by careful building and technological system design 
and through choosing the most appropriate building materials and technologies that are 
suitable for the specific building and its needs. 

As the heating and cooling energy can be provided either through active systems 
that in some way consume electricity or other form of energy or through passive systems 
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that decrease the initial energy consumption, the report will separately describe each of 
these solutions. 

2.2. Active heat supply solutions 

2.2.1. Conventional heating systems 

Analysing existing situation in Latvia, it can be founded that the conventional heat 
supply sources are the most popular ones. It is due to the fact that these solutions are 
with relatively low initial cost and installing them is simpler, especially in rural 
environment. However, according to definition of nearly zero energy building, such 
buildings can’t be equipped only with traditional systems which don’t provide recovery of 
ventilation heat loss and don’t use renewable energy sources. However, it is not 
prohibited to use these energy sources as the major part of energy supply and install only 
small device of renewable energy source. 

The most popular conventional heat supply sources in Latvia are: 

a) Centralized city heating networks. Because most of the big cities have a centralized 
heating network in big cities, which was built starting from 20th century, it is the 
cheapest and commonly used source of heating. It is especially suitable for large 
multifamily residential apartments because it would take a lot of investments to provide 
such houses with alternative sources; 

b) Natural gas boiler for smaller and middle sized private houses. Due to the existing 
natural gas pipeline network that runs through Latvia and benefits of natural gas, such 
as high efficiency, relatively low CO2 emissions and automation possibilities it is the 
second most common source of energy; 

c)  Firewood or wood pellet boilers. Such type of heat source can also be considered 
renewable because the wood, which is the fuel in this case, can be grown back. These 
types of boilers are used due to their low costs of fuel, which in some cases can be 
gathered by the occupants themselves it the house is located near a private wood. 
However, this solution is not so common as it involves less automation possibilities and 
require human work. 

Micro-CHP 

Another perspective conventional heating system, which at the moment is not 
widely used, could be micro combined heat and power (micro-CHP) technology which 
generates heat and electricity simultaneously, from the same energy source, in individual 
homes or buildings [8]. 

According to existing studies [9] there are several types of micro-CHP: 

a) Internal combustion – reciprocating engines – which is big, noisy and requires regular 
maintenance, so is not acceptable for private houses; 

b) CHPs using microturbines, which can produce 25 – 250 kW electro power and 
considerable heat generation due to high exhaust gas temperature (450 – 550 °C) but 
it is not acceptable for private houses too, because of high price and inflexible to load 
changes; 

c) External combustion – Stirling engines – is acceptable solution because of low noise 
level, small size and acceptable price. This type of CHP has rather low electrical 
efficiency, about 25–30% when natural gas is used as a fuel. Their low efficiency 
supports their use as backup power supplies rather in continuous use. 
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d) Fuel cells (FC) – produce electricity electrochemically, by combining hydrogen and 
atmospheric oxygen, with efficiency 45 – 55 %. The only emission is water. It is 
noiseless, reliable, modular and rapidly adaptable to load changes. 

2.2.2. Alternative heating systems 

As, according to the regulations, nearly zero energy buildings must use at least 
some renewable (alternative) heat supply sources it is necessary to determine the 
possibilities. In general, the renewable sources can be divided into following categories 
depending on the renewable energy type: 

a) biomass energy; 

b) geothermal energy (horizontal or vertical ground heat pump); 

c) hydropower; 

d) solar energy (Air-air heat pump, Air-water heat pump, Solar collectors, PV panels, 
solar tree, Thermo-solar panels, Hybrid systems); 

e) wind energy. 

In further text the potential use of each of renewable energy sources is described 
with more attention paid to the ones with higher usage potential. 

Biomass energy 

Biomass is an industry term for getting energy by burning wood, and other organic 
matter. Burning biomass releases carbon emissions, but has been classed as a 
renewable energy source in the EU and UN legal frameworks, because plant stocks can 
be replaced with new growth [2]. At the moment biomass energy accounts for more than 
14% form worlds total energy consumption. The largest sources of biomass are wood and 
remains of wood by products, but also grains, wastewater sludge and organic waste can 
be as a source for biomass energy. 

In Latvia the biomass has high potential as 47 % of land is covered with wood. At 
the moment chip boilers are already producing energy for cities like Balvi, Broceni, 
Daugavgriva, Jūrmala, Aluksne etc. While the most common ones are still individual wood 
boilers. They have such advantages as sustainability, low price, reliability, and no relative 
emissions as the emitted CO2 is compensated through the time when the tree was 
growing. At the same time, they require constant attention and cannot be left without 
supervisions for too long. Also, they need to be filled with wood manually a couple of 
times a day. 

Geothermal energy 

The geothermal energy can be separated into three various types – horizontal ground 
heat pump, vertical ground heat pump or water heat pump. (see figure 2.1. Principle 
design of horizontal, vertical and water heat pumps) The difference lies in the way the 
collector pipes are installed. The horizontal ground heat pump pipes are laid 
approximately 1m deep below the ground surface and on average can generate 20-30W 
of heat energy per 1m of pipe. This means that for 10kW power the total length should be 
about 400m. In case of vertical ground heat pump the pipes are laid deep into the ground 
and therefore such installation costs a lot more. On the other hand, from such type of 
heat pump it is possible to obtain 50-60 W per 1m of pipe. It must be noted that for such 
type of heat pump simulations of ground temperature must be performed beforehand to 
determine whether the ground will not be cooled during years of operation. One of main 
benefits of such system is the possibility to produce cold during the summer period. 
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Similar advantages are for water source heat pumps. They have the advantage of 
relatively high energy production potential (about 30W/1m) for the whole year while being 
cheaper than vertical heat pumps. However, they require for the site to be close to large 
water source and such solution must be approved by the local authorities. 

   

Figure 2.2. Principle design of horizontal, vertical and water heat pumps [14] 

In general, the existing practise shows that ground source heat pump (GSHP) has 

higher efficiency comparing with air source heat pump (ASHP), so GSHP is preferred to 

almost zero energy buildings despite higher initial costs (5500-20000 Euro comparing to 

1000-12000 Euro for ASHP) and some restrictions, such as land accessibility, that might 

be a problem, especially speaking about GSHP with horizontal loop. The best solution, 

taking into account price and efficiency, is water source heat pump (WSHP) because of 

absence of thermal imbalance (possible problem of GSHP in case of mistaken loop 

design or pipe placing) and independence on air temperature fluctuation during day and 

night. The thermal imbalance of GSHP is the soil temperature drop for 3 – 12 °C during a 

20-year operation and can be solved by using solar collectors in one system. 

Hydropower 

The potential use of hydropower is quite limited as it requires for the building to be 

located by a river or other kind of constant water stream. Although, in Latvia hydro 

powered electrical stations generate the largest part of all electricity such technical 

solutions are more suitable for centralized power generation. The existing experience for 

local hydropower stations is bad as they have negative impact on environment, like 

influencing the path of fishes and changes the natural level of water. At the moment in 

Latvia there are around 150 small (up to 2 MW) hydro electrical stations. 

Solar energy 

According to [1], on a bright sunny day, the solar radiation intensity on horizontal 

surface is 800-1000 W/m2 in our latitudes. The average annual solar radiation intensity in 

Latvia is around 130 W/m2, because solar radiation intensity depends on season. Solar 

collectors can provide the bigger or whole part of hot water heating energy supply as well 

as cover part of heating demand in spring and autumn. On sunny day one square meter 

of solar collector may preheat 50-60 litres of water to 65-70 °C. 

Use of solar energy has many advantages: 

a) free energy; 

b) no dependence on fuel price; 

c) no negative impact on environment; 

d) fast and easy equipment installation.  

In Latvia it could be appropriate to use solar collectors for hot water heating and 

modern photovoltaic (PV) panels for producing electricity. However, it must be noted that 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 
compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

 

   58 

 

„ Development, optimisation and sustainability evaluation of 
smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

the efficiency of PV panels is still quite relatively low and in most cases, can only serve as 

part of electricity generating system. Also, such system needs accumulation batteries and 

other elements that convert the gathered energy into usable form. 

Thermo-dynamic panels 

Due to considerable solar radiation intensity changes during the day and depending 

on amount of clouds, in most cases it is not possible to have only traditional solar 

collectors as heat source. At the same time the efficiency of heat pump technology 

depends on environment temperature – efficiency drops with temperature decreasing. 

One of possible solutions how to avoid disadvantages of both technologies, is using the 

thermodynamic solar system (see installation example in Figure 2.3) which includes solar 

collectors and heat pump, to produce household hot water. The system can also be 

joined up with the low temperature heating system or used to heat swimming pool water 

[3]. 

  

Figure 2.3. Installation example of thermo-dynamic system [5] 

Operating principle of thermos-dynamic panels is shown in Figure 2.4. The cooling 

liquid (R134a or R407c) goes into the solar panel and suffers the action of sun, rain, wind, 

environment temperature and other climate factors. The heat pump uses preheated liquid 

from solar collectors and transfers it to an exchanger with the help of compressor. In the 

result, we have hot heated domestic water and cold liquid that goes into the solar 

collectors to repeat the circuit [4]. 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 
compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

 

   59 

 

„ Development, optimisation and sustainability evaluation of 
smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

 

Figure 2.4. Thermodynamic solar system working principle [3] 

The energy consumption of the system is basically the same as a fridge 

compressor that makes the liquid circulate. There are no ventilators that help the 

evaporation process, or defrost cycles, which imply unnecessary energy consumption, 

unlike what happens with heat pumps. Thermodynamic solar panels work 24 hours a day 

and don’t need direct sunlight. The Coefficients of Performance supposed to be about 4 

where there is direct solar irradiation and higher than 3 on average on an annual basis [3] 

Solar tree 

Regarding the PV panels, one of the problem is the large size of land (or roof) that is 
needed to produce essential amount of electricity for modern house. For example: it 
requires 10-12 acres (40470 – 48560 m2) of land for housing of panel only to generate 2 
MW power from a PV module. One of possible solutions would be to place the PV panels 
in different formations. Such solutions are already existent and are called solar trees. (see 
figure 2.4. Example of solar tree) For the same amount of energy, solar tree requires only 
0.10-0.12 acres (405 – 485 m2) of land that is 100 times fewer. One of such trees is 
already built in Latvia by Institute of Solid State Physics, University of Latvia. 

  

Figure 2.5. Example of solar tree [6; 7] 

 

 

http://www.icaro-srl.eu/en/services/thermodynamic-solar-panels/
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Hybrid heating system. Solar collector and natural gas boiler 

Combination of solar collectors with gas boiler in a hybrid system can 

simultaneously provide stability and significantly reduce natural gas consumption. When 

the amount of solar energy is sufficient, for example, in summer or in spring, the system 

works only from solar energy, but in the cold time, the biggest contribution comes from a 

gas boiler. Natural gas savings were found in a publication [13]. The results can be 

viewed in Figure 2.6. Comparing the described hybrid system with a gas convection boiler 

under similar climatic conditions, the total annual gas consumption in the hybrid system 

was only half of the gas consumption in system with a convection type gas boiler. 

 

Figure 2.6. Gas consumption of the hybrid energy system and the conventional system 
[13] 

Hybrid heating system. Heat pump and natural gas boiler. 

It is possible to combine a natural gas boiler with a heat pump in a single hybrid 

system with aim to increase efficiency of the building's heating system and reducing 

costs. With sensors and automatics, the hybrid system itself chooses the most effective 

heating mode based on operating conditions. 

The biggest air-water heat pump problem is efficiency falling when the outdoor air 

temperature is reducing [10], that may result in system oversizing because heating 

system is designed to work in the coldest conditions. As a result, air-water heat pump 

works on low capacity for longest part of heating season [11]. Combination of gas boiler 

with air-water heat pump allows to primarily use natural gas as a fuel during coldest 

period instead of inefficient on those days heat pump with result of decreasing size and 

initial costs of heat pump. The overall efficiency of such hybrid system is high and is 

described in [12]. The result can be viewed on Figure 2.7. 
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Figure 2.7. Comparison in terms of generation efficiency of different heating systems [12] 

Wind energy 

The wind energy, similar as hydro power, is considered to be with low potential in 

case of Latvia and especially for single family houses. The wind speed in Latvia is quite 

low and generally not stable. The wind turbines have additional drawbacks like noise 

generation, instability, high expenses and visually negative aspects. However, if the 

location is appropriate it would be possible to install Onipko type wind turbine (see Figure 

2.8), which operates better in low wind speeds and generates less noise. 

 

Figure 2.8. Example of Onipko type wind turbine [15] 

Cost comparison 

According to existing studies [1] and in conformity with Figure 2.9, alternative heat 

supply sources, such as ground heat pumps, have much bigger initial cost (3 - 5 times, 

comparing to electric heating) but lower operating costs that results in both benefits for 

nature due to lack of emission and for owner because of saving money in long-term 
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outlook. It can be seen from Figure 2.9, that natural gas and wood or pellets heating 

systems requires relatively low operational costs too. Considering the fact that natural gas 

has low CO2 emission level but wood is CO2 neutral, it is possible to use these 

conventional systems for heating almost zero energy building in case of improving boilers 

efficiency and combining them with alternative heat supply sources. 

 

Figure 2.9. Initial and operational cost comparison between various heating energy 
sources in Latvia [1] 

2.2.3. Passive solutions 

To decrease the initial energy demand of building for heating and cooling, except 

increasing thickness or quality of heat insulation and windows which is always possible, is 

applying one or more of passive solutions. Such solutions could be either just form careful 

building planning or by applying various elements to it. Some of the possible passive 

solutions are mentioned below: 

a) orientation and overlay of windows and optimization of overcoats to increase costless 

direct heat supply from sun; 

b) external, automatic blinds to decrease energy demand for cooling in summer; 

c) shading with plants and trees, which provide protection from direct sunlight during 

summer and allow sun rays to get through in winter when there are no leaves on trees; 

d) green roofs; 

e) Trombe wall (Solar wall); 

f) natural ventilation and its complementary elements (room plans, window opening 

options, vertical joint outlet ...) 
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2.2.4. Shading with plants and green roofs 

One of the possible passive solutions which actually improves the environment 

around the building is green roofs and walls. There are various green wall solutions 

depending on the way the plants are connected to the wall. Either there is a mesh and the 

plants are located on ground or in some cases the plants can be directly connected to the 

façade and be either soil-less or with soil (see Figure 2.10). The benefits of green wall 

systems are the possible reduction of cooling loads during summer period when the 

plants provide shade while in winter time the leaves fall off and the façade can be heated 

by the natural solar radiation. 

 

 

Figure 2.10. Example of green wall systems [17] 

However, the green wall systems have some major drawbacks, for example, due to 

the extra weight the walls need to be thicker and stronger, the plants need watering 

therefore careful drainage must be designed to avoid moisture damage to the wall 

structure. 

Green roofs can also be beneficial for building as they provide energy need through 

increasing mass of building and adding extra insulation and also decreasing cooling loads 

through evaporative cooling. They also decrease the rainwater runoff according to studies 

this can range up to 75 %. The green roofs similar as walls decrease natural pollutants 

and help with sound insulation. 

2.2.5. Trombe wall 

One of excellent passive heating system examples is Trombe wall (Figure 2.11). It 

is a system for indirect solar heat gain. It consists of a 20 – 40 cm dark coloured wall of 

high thermal mass facing the sun, with a single or double layer of glass placed between 2 

– 15 cm away from the wall to leave a small air space. The glazing traps solar radiation 
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like a small greenhouse. Heat will take about 8 to 10 hours to pass through the wall and 

reach the interior of the building, so the room behind remains comfortable through the day 

and receives slow, even heating for many hours after the sun sets [16].  

 

Figure 2.11. Operating principle of Trombe wall during day [16] 

Additionally, to radiant heat, it is possible to include upper and lower air vents in the 

wall, that allows convection currents, as cooler air from the room enters at the bottom and 

air heated in the Trombe wall escapes into the room at the top, as it is shown in Figure 

2.12. It is important to close vents a night to prevent heat loses when where are no 

sunlight. It is also possible to attach sunspaces and create a habitable space between 

glass and wall, as it is shown if Figure 2.13. 

 

 

Figure 2.12. Vented Trombe wall during a day and night [16] 
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Figure 2.13. Sunspace with vents for convective heating as well as radiative heating [16] 

During hot seasons, a Trombe wall or sunspace with vents through it can be used 

as a thermosiphon. If vents are placed at the top of the glazing, then air from the room will 

be pulled out by convection in the air gap between glazing and mass wall. This form of 

passive ventilation is called a solar chimney (Figure 2.14). 

 

Figure 2.14. Trombe wall acting as a solar chimney [16] 

2.3. Ventilation systems 

2.3.1. System type 

One of the most important aspects of the building quality which also affects the 

energy consumption is ventilation systems. It is especially important in nZEB when the 

building is maximally air tight and the energy loses through building envelope are reduced 

to minimum. In such cases the heat needed for ventilation air heating can reach up to 

40% depending on the building type. Therefore, it is vitally important to design the 

ventilation system in such way that regenerates as much heat as possible and can be 

precisely controlled. 

As the local regulations require that at least 75% of heat from ventilation system is 

recovered it means that there should be some kind of mechanical ventilation system in 

the building. In general, there could be two solutions – either fully mechanical ventilation 

system with air handling unit or, in case for apartment buildings, decentralized ventilation 

system with room based heat recovery systems (see Figure 2.15). 

http://auworkshop.autodesk.com/library/building-science/trombe-wall-and-attached-sunspace
http://auworkshop.autodesk.com/library/building-science/trombe-wall-and-attached-sunspace
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Figure 2.15. Example of decentralized and centralized ventilation systems 

In most cases the fully centralized ventilation system is the most appropriate one, 

as it provides full control, and can ensure as much air as necessary. For apartment or 

small office buildings it is possible to install a decentralized ventilation system which also 

ensures around 90% heat recovery and minimal electricity consumption. Such system 

works with paired elements, that are built in walls (Figure 2.16). These ventilators work 70 

seconds in exhaust and 70 second in supply mode. During the exhaust mode the heat 

regeneration device accumulates the heat from air and afterwards gives it bac to the 

supply air. 

  

Figure 2.16. Working principle and design of decentralized ventilation unit [18] 

According to existing research [19] for a specific 30 apartments building the prices 

for decentralized and centralized ventilation systems would be as follows. If decentralized 

room type ventilation is used than the estimated instillation price would be around 70 

thousand EUR and yearly running costs about 3000 EUR. While in case of centralized 

system the installation costs would be about 90 thousand EUR and yearly running costs 

about 6000 EUR. 
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However, the existing experience of Estonia shows that room based ventilation is 

not recommended as it generates high noise, often not enough space in external wall is 

present, the wind flows through the device and the actual efficiency is smaller than 

specified in technical data. 

2.3.2. Ground-to-air heat exchanger for preheating of supply air 

Most of the passive systems use solar energy in direct or indirect way. Directly it is 

used in the production of electricity and heat energy. Other types of passive systems are 

based on the heat recovery and preheating of incoming air. Interesting and promising 

technology is the use of ground-air heat exchanger. It is based on the heat exchange 

between the air and the pipes buried in the ground, which has a high heat capacity. At 

certain depth, the ground temperature is lower than outside air temperature in summer, 

and higher than in winter. In such ground-to-air heat exchanger indirectly uses solar 

energy to preheat the incoming air in winter and cool it in the summer. 

Ventilation system power consumption consists of two main elements - moving air in 

the air ducts and air heating / cooling to the desired indoor climate temperature. 

Reduction in energy consumption for heating and cooling air can best be achieved by 

using heat recovery, which is very important in Latvian climatic conditions. Mechanical 

ventilation system enables to regulate the flow as a function of consumption and maintain 

the required flow of air at a variable pressure drop, which is important for the heat 

recovery. Recuperation system efficiency can be increased by combining it with a variety 

of passive preheating and / or cooling systems. 

Although the ground-to-air heat exchanger design is simple, its geometric 

parameters interact strongly affecting the thermal performance (Figure 2.17). 

 

Figure 2.17. The interaction of ground-to-air heat exchanger with the surrounding soil 

Ground temperature has a low fluctuation under varying weather, which is important 

for ensuring the necessary level of comfort in times when external conditions do not allow 

the operation of other passive systems. 
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By simulating energy consumption for a ventilation system for a duration of one year 

of a specific case building it was concluded that the, the contribution of ground-to-air heat 

exchanger to the overall energy consumption totals 9.53 MWh (11.1% of total energy 

consumption for the heating of supply air) and 4.02 MWh (11.2% of total energy 

consumption for the cooling of supply air) a year, according to the desired parameters of 

the indoor climate. Also, it was calculated that the hours with incoming air temperature ≤ -

4 °C into the air handling unit (AHU) reduced from 1131 to 630 hours a year. Therefore, 

recuperation efficiency is increased as there is lower risk of freezing and less hours for 

defrosting of AHU heat exchanger are needed. 

Conclusions  

To meet the requirements of the Latvian Regulations for Energy Certification of 

Buildings Nr. 383, is necessary to take a variety of activities related to the design and 

construction process. Architects should start with such aspects as specific form of 

building, window orientation, used materials, green roofs or walls, blinds, overhangs etc. 

Engineers should focus on new solutions of renewable energy technologies.  

As the most popular conventional heat supply sources in Latvia are centralized city 

heating networks, natural gas boilers and firewood or wood pellet boilers, it is nowadays 

challenge to increase its efficiency. The combination of a natural gas boiler with a heat 

pump in a single hybrid system increase efficiency of the building's heating system and 

reducing costs.  

The following renewable energy advantages and disadvantages are marked as 

considerable:  

 Geothermal energy heat pump has the relatively high energy production potential 

(about 30W/1m), but water source heat pump (WSHP) is better solution because 

of absence of thermal imbalance and independence on air temperature fluctuation 

during day and night. 

 For solar energy use, the thermodynamic solar system (solar collectors and heat 

pump) is proposed to be used as the most efficient. 

 Combination of solar collectors with gas boiler in a hybrid system can 

simultaneously provide stability and significantly reduce natural gas consumption.  

To decrease the initial energy demand of building for heating and cooling, except 

increasing thickness or quality of heat insulation and windows which is always possible, is 

applying one or more of passive solutions. 

 As the benefit of green wall systems reduce of cooling loads during summer period 

can be mentioned, but such aspects as extra weight the walls and careful drainage must 

be designed to avoid moisture damage to the wall structure. 

 Trombe wall technology can be mentioned as excellent, as it has a combination of 

practicality and ease of use.  

 In the field of ventilation systems, the choice of decentralized ventilation systems for 

nZEB when the building seems to be more economically profitable, but there are risks of 

generation of high noise, the wind flows through the device and the actual efficiency 

data. 
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 Technology is the use of ground-air heat exchanger, that indirectly uses solar 

energy to preheat the incoming air in winter and cool it in the summer is recommended 

for use.  

 

References 

[1] Alternatīvie enerģijas resursi un to potenciālais pielietojums Latvijas mājokļu sektorā. 

https://www.energoefektivitate.com/energoefektivit%C4%81te/m%C5%ABsu-

p%C4%93t%C4%ABjumi/ 

[2] https://en.wikipedia.org/wiki/Biomass 

[3] http://www.icaro-srl.eu/en/services/thermodynamic-solar-panels/ 

[4] http://www.energie.pt/en/thermodynamic-solar-system 

[5] http://www.stafor.lv/ 

[6] http://www.greatlakesscenic.com/Art-Iconography/world-s-largest-solar-tree.html 

[7] http://www.cfi.lu.lv/zinas/t/36838/ 

[8] http://www.energysavingtrust.org.uk/renewable-energy/electricity/micro-chp 

[9] Kuhn, V., Klemeš, J., Bulatov, I.: MicroCHP: Overview of selected technologies, products 

and field test results. Applied Thermal Engineering. 28, pp. 2039-2048 (2008). 

[10] Asaee, S., Ugursal, V., Beausoleil-Morrison, I.: Techno-economic feasibility evaluation of 

air to water heat pump retrofit in the Canadian housing stock. Applied Thermal Engineering. 111, 

pp. 936-949 (2017). 

[11] Klein, K., Huchtemann, K., Müller, D.: Numerical study on hybrid heat pump systems in 

existing buildings. Energy and Buildings. 69, pp. 193-201 (2014). 

[12] Di Perna, C., Magri. G., Giuliani, G., Serenelli, G.: Experimental assessment and 

dynamic analysis of a hybrid generator composed of an air source heat pump coupled with a 

condensing gas boiler in a residential building. Applied Thermal Engineering. 76, pp. 86-97 (2015). 

[13] Sun, H.Q., Xu, Z.Y., Wang, H.B., Wang, R.Z.: A solar/gas fired absorption system for 

cooling and heating in a commercial building. Energy Procedia. 70, pp. 518-528 (2015). 

[14] http://www.cabinlivingmag.com 

[15] https://commons.wikimedia.org/wiki/File:Onipko_rotor_01.jpg 

[16] http://auworkshop.autodesk.com/library/building-science/trombe-wall-and-attached-

sunspace 

[17] http://seekanidea.blogspot.com/2012/09/green-walls.html 

[18] http://www.ventilation-system.com/cat/twinfresh-comfo/ 

[19] Zemītis, J., Borodiņecs, A., Geikins, A., Kalames, T., Kuusk, K. Ventilation System 

Design in Three European Geo Cluster. Energy Procedia, 2016, Vol.96, pp.285-293. 

https://www.energoefektivitate.com/energoefektivit%C4%81te/m%C5%ABsu-p%C4%93t%C4%ABjumi/
https://www.energoefektivitate.com/energoefektivit%C4%81te/m%C5%ABsu-p%C4%93t%C4%ABjumi/
https://en.wikipedia.org/wiki/Biomass
http://www.icaro-srl.eu/en/services/thermodynamic-solar-panels/
http://www.energie.pt/en/thermodynamic-solar-system
http://www.greatlakesscenic.com/Art-Iconography/world-s-largest-solar-tree.html
http://www.cfi.lu.lv/zinas/t/36838/
http://www.energysavingtrust.org.uk/renewable-energy/electricity/micro-chp
http://www.cabinlivingmag.com/
https://commons.wikimedia.org/wiki/File:Onipko_rotor_01.jpg
http://auworkshop.autodesk.com/library/building-science/trombe-wall-and-attached-sunspace
http://auworkshop.autodesk.com/library/building-science/trombe-wall-and-attached-sunspace
http://seekanidea.blogspot.com/2012/09/green-walls.html
http://www.ventilation-system.com/cat/twinfresh-comfo/


Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 
compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

 

                                                                                                   69 

               

„ Development, optimisation and sustainability evaluation of 
smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

3. Systems and software for the management of smart buildings 

3.1. Introduction to smart buildings  

The design and calculated performance of the buildings have changed throughout 

history. A century or two ago, many buildings were built from stone/brick or wood with basic 

heating, water and electrical systems. Modern houses, especially with very low energy 

consumption (so-called passive or nearly zero energy buildings) are being designed and 

built as dynamic and technically complex buildings [3.1]. The type and topology of modern 

building’s systems and appropriate management software depend upon the context and 

building category, but usually have chosen related to the cost of the building over its lifetime, 

energy performance and thermal comfort in it [3.2, 3.3]. Reducing energy consumption has 

now become more important due to increasingly stringent regulations and awareness of 

climate change. This is recognised in modern buildings as a significant design criterion [3.4, 

3.5]. Taking into account the operating costs it is clear, that a more suitable representation 

would be the ability to maintain value over a long period of time under changing use and 

external conditions. The two main drivers for building progression are: 

 energy efficiency; 

 thermal comfort and satisfaction. 

Therefore, the advanced building should have its energy consumption minimised 

whilst consistently allowing the maximisation of the performance, comfort and satisfaction 

of its occupants over a long lifetime. It is possible only with use of smart controlled and 

managed systems with the “feedback” from the building itself. 

Different levels of building complexity and “smartness” levels are summarized in 

Figure 3.1 [3.1], demonstrating that there are four aspects that vary: 

 the methods by which building operation information is gathered and responded 

(intelligence or smartness); 

 the interaction between the building and the occupants (control); 

 the buildings physical properties - materials and construction; 

 the methods by which building use information is collected and used to improve 

occupant performance. 

For different categories of building, mentioned four methods are focused upon and utilised 

to different extents. Although each of the methods has developed over time to be more 

effective, they generally have been developed independently of each other. 

Definition of intelligent building can be found in 1990 [3.6] as a building which totally 

controls its own environment, including the technical control of heating and air conditioning, 

lighting, security, fire protection, telecommunication and data services, lifts and other similar 

building operations; and - that is very important – a control is given to a management 

computer system. Such a definition does not suggest direct user interaction. Generally, 

smart building includes the integration of numerous systems which revolve around building 

operation, a basic example of which is the integrating of the building management system 

(BMS) with the lighting systems. 

In 1995 an intelligent building was defined as a dynamic and responsive architecture 

that provides every occupant with productive, cost-effective and environmentally approved 

conditions through continuous interaction among its four basic elements: places (fabric; 
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structure; facilities); processes (automation; control; systems) people (services; users) and 

management (maintenance; performance) and the interrelation between them [3.7]. 

Furthermore, in 2009 the following definition of the intelligent building was developed [3.8]: 

“An Intelligent Building is one that is responsive to the requirements of occupants, 

organisations and society. It is sustainable in terms of energy and water consumption 

besides being lowly polluting in terms of emissions and waste: healthy in terms of well-being 

for the people living and working within it; and functional according to the user needs”. 

 

Figure 3.1. Building progress [1] 

 

According to [3.1] smart buildings are intelligent buildings but with additional, 

integrated aspects of adaptable control, enterprise and materials and construction. Just as 

intelligent buildings were developed from automated buildings, smart buildings are 

developed upon intelligent building concepts. The development from the use of intelligent 

to smart sensors within buildings is just one example of the progression towards a smart 

built environment [3.2]. One of the latest definitions of a smart building [3.9] describes them 

as a part of the next generation building industry, suggesting that they address both 

intelligence and sustainability issues by utilising computer and intelligent technologies to 

achieve the optimal combinations of overall comfort level and energy consumption. The 

smart building has the ability to adapt to different situations using external context-related 

data surrounding the behaviour of the occupants. One of the questions is - how much control 

should be given to the occupant of a building in order to meet both comfort and energy 

performance criteria,  and it is needed to create a convergence between building technology 

and the occupant. 
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A smart building is able to adapt its operations and physical form for these events. 

Intelligent buildings are generally reactive, meanwhile, smart buildings are adaptive. 

Examples of adaptability are the ability to account for: 

 different people’s perceptions of comfort at different times of day and year; 

 changes in occupants or building use and varying occupancy data characteristics; 

 varying of external weather conditions. 

One of the most debated aspects around modern smart building design is control. 

Automated buildings tend to be designed to the theoretical climatic conditions, occupancy 

and use; and during the exploitation of a buildsing they may change. Many studies show 

that a degree of control in a workplace results in benefits such as increased comfort, lighting 

quality and occupant satisfaction. Comfort in a building is not one dimensional but has 

multiple variables [3.10]. For example, in winter, a room may be much colder than expected, 

which encourages the use of inefficient electric heaters, but the air quality may deteriorate, 

resulting in windows to be opened which will obviously negate the effect of electric heaters 

and may even have a cooling effect on surrounding rooms. There is a need to balance 

between allowing users to have control of their environment, and creating stable and 

comfortable conditions that allow the building systems to manage the energy consumption 

efficiently. The main aim of control within the smart building is to provide occupants with 

information so that they can adapt to the building, as well as the building adapting to their 

preferences and requirements. 

A smart building may collect information about current weather conditions and react 

to them by modifying HVAC operation with little control given. Occupants may be given a 

method to feedback on personal comfort and therefore indirectly control their own 

environment [3.11], or they may be given opportunities to open windows, but if conditions 

within the building fall outside of designated comfort conditions, then the building’s 

intelligent systems will implement changes to rectify this. 

The construction of a smart building needs to reflect and house the smart functions 

within it. It should be constructed of materials and contains features which will allow for 

accommodation of changes in use and climate. The internal structure should also reflect 

the dynamic nature of the building by being adaptable to the needs of the occupants. Based 

upon available occupancy data and/or PIR sensors, a smart building may be able to reduce 

heating/cooling/ventilation/lighting of zones during periods of known low occupancy. 

It is important to define the bounds of a smart building. Fig. 3.2 expands upon Fig. 3.1 

to draw upper and lower bounds to the definition of Smart Buildings. 
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Figure 3.2. Upper and lower bounds of a smart building [3.1] 

 

3.2. Control within smart buildings using management system  

To be a smart building it is needed of a building management system also known as 

building automation system. Other terms used in smart buildings are called Building 

Management and Control System, Direct Digital Controls and Building Controls. The most 

common current industry term is Building Management System (BMS) or Building 

Management and Control Systems (BMCS). Other terms associated with control systems 

include Supervisory, Control and Data Acquisition (SCADA); Programmable Logic 

Controllers (PLC); Energy Management System (EMS); Data gathering panels (DGP); 

‘Front End’ – legacy term used to refer to the BMS Operator Workstation; etc. 

BMS systems are “Intelligent” microprocessor-based controller networks installed to 

monitor and control a buildings technical systems and services such as air conditioning, 

ventilation, lighting and hydraulics. Generally, the signals are sent to the actuators (outputs) 

from the controllers depending on the data from the sensors (see Fig. 3.3) after the 

processing with different algorithms. More specifically they link the functionality of individual 

pieces of building equipment so that they operate as one complete integrated system. Now 

installed in every major building or facility with the availability of direct integration into all 

other building services such as security, access control, CCTV, fire, lifts and other life and 

safety systems. Current generation BMS systems are now based on open communications 

protocols (see next chapter) and are internet-enabled allowing integration of systems from 

multiple system vendors and access from anywhere in the world.  
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Figure 3.3. Principle of BMS controller – outputs are depending on inputs 

 

BMS consists of software and hardware; the software program, usually configured in 

a hierarchical manner, can be proprietary, using specific protocols as C-Bus or Profibus. 

Vendors are also producing a BMS that integrates the use of Internet protocols and open 

standards such as DeviceNet, SOAP, XML, BACnet, LonWorks and Modbus. Building 

management systems are most commonly implemented in large projects with extensive 

mechanical, HVAC, and electrical systems. Systems linked to a BMS typically represent 

40% of a building's energy usage; if lighting is included, this number approaches to 70% 

[3.14]. BMS systems are a critical component to managing energy demand. 

Main benefits of the management system are as follows [3.14]: 

 Data is consolidated onto a single system to improve reporting, information 

management and decision-making. Integrating and managing the HVAC, energy, 

security and safety applications from a single workstation allows facility-wide insight 

and control for better performance. 

 Increased operational savings – Efficient resource deployment can result in reduced 

operational costs, empowering operators, simplifying training and decreasing false 

alarms. 

 Energy efficient – Real-time view into facility operations and deep trend analysis 

provide data-driven insight to optimize your energy management strategies and 

minimize operational costs. 

 Flexibility to grow and expand – The powerful combination of open systems protocols 

and a scalable platform means the BMS can help support growth and expansion of 

the system in the future. 
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 Reduced risk – Strategic mobile or desktop control, exceptional alarm management 

and integrated security solutions helps to see the big picture, helping to speed up 

response time and mitigate risks for the property, people and business. 

 Possibility of wide individual control of separate room or group of rooms. 

Typical system components used in BMS can be divided to tree groups: hardware 

(Fig. 3.4), field devices – sensors and actuators (Fig. 3.5) and communications or 

networking (Fig. 3.6). As BMS systems can be controlled by the technical or some of 

parameters monitored by ordinary user without any special education, there is wide range 

of user interfaces available for different  BMS hardware and filed device components – from 

the basic LCD built-in display through to full graphic operator workstations with the web 

servers (Fig. 3.7). 

 

 

Figure 3.4. Typical BMS system components – hardware 

 

 

Figure 3.5. Typical BMS system components – field devices 
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Figure 3.6. Typical BMS system components – networking 

 

  

Figure 3.7. BMS user Interfaces: from LCD built-in display to web servers 

Any modern BMS system should provide at least following features: 

 Control of all installed building systems and services 

 Energy management and reporting 

 Graphic user interface (GUI)  

 Real-time monitoring and logging of building operation and performance  

 Time scheduling of building systems  

 Fault management and alarming; user event management  

The main and most important are building control applications including: 

 Zone temperature monitoring and control 

 Zone variable air volume (VAV) control to zones 

 Zone air quality (at least CO2) monitoring and control 

 Air handling unit supply air temperature, flow and pressure control 

 Main plant chiller and boiler sequencing 

 General exhaust fan control 

 After hours building control 
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Another important opportunity of BMS use is energy management and reducing of 

operational costs, which includes such features: 

 Optimal start and stop of whole plant 

 Building warm up and cool down cycles 

 Night purge (passive night cooling) 

 Automatic seasonal plant sequence selection 

 Seasonal temperature setting adjustments 

 Load based control strategies 

 Occupancy control and control setback 

Approximate estimated lifecycle for the main components of BMS is as follows: 

 BMS field controllers – 15 to 20 years 

 Field devices – 15 to 20 years 

 BMS computer hardware – 3 to 5 years 

 BMS software – major releases 3 to 5 years 

3.3. Overview of systems and protocols for a smart building control  

Building automation systems are a combination of many different devices and 

equipment, all communicating over a local or larger network [3.15]. These systems 

communicate with a wide variety of devices, from life-space positioned sensors and lights 

to technical-space located equipment such as chillers, boilers, air handlers and electrical 

panels. Regardless of the originating protocol from local controllers on different floors or 

zones, data may be forwarded to the cloud using another protocol via gateways. Monitoring 

dashboards in the local Facility Manager (FM) office or at corporate headquarters can see 

real-time visualizations of energy performance and issues. 

To enable all this communication, dozens of different protocols have been developed 

over the years of smart building evolution. Protocols are the accepted rules and standards 

that allow communication and data-sharing between building automation equipment. 

Devices and systems that conform to a given protocol can communicate easily with each 

other, but not necessarily with other protocols. Thus, some protocols, like BACnet and 

LonWorks, are made for nearly every type of building automation equipment [3.16]. This is 

why most building automation systems are based on one of these two protocols. Other 

protocols are more specialized, e.g., the DALI protocol was created just for lighting systems, 

and Modbus was designed primarily for industrial control. Making things even more 

complicated, sometimes different protocols can work together and sometimes they can’t. 

For example, BACnet and LonWorks can both work with DALI lighting systems, but not with 

each other (at least not easily). There is a separate category of wireless protocols, for those 

devices such as occupant sensors and room controllers that communicate using RF signals. 

Some protocols are proprietary, but most today are open. That means their 

characteristics are published and may be used by anyone freely or by license. Open 

protocols usually have the backing of some combination of corporations, user groups, or 

professional societies. Some protocols are regional and others global, and each has its own 

set of specializations and capabilities that make it preferable in certain applications. Unlike 

proprietary protocols, which are owned and protected by a company, open protocols are 

supported by the products and services of many different companies and organizations. 

This provides users with a much wider choice of devices or systems that can be employed 

to meet specific applications or needs. Each protocol maintains standards and certifications 
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through its own independent organization (such as bacnet.org and lonmark.org). Guidelines 

are updated as technology and needs evolve. Advantages of open protocols include: 

 Supported by multiple manufacturers, software vendors, and install organizations 

 Widely available third-party software for user interface, trend reports, alarming, and 

other applications (much like apps for smart phones) 

 Easier communication with subsystems such as lighting and chiller controllers 

 Active community groups for support, freeware, and leverage with vendors 

 Ability to stay current and add capabilities in the future 

One very essential point is choice to use of wired or wireless communications, or a 

combination of both. The most common wireless options utilize a wireless-specific protocol. 

Most control devices - such as room controllers, occupancy sensors, ventilation fan 

controls, and door sensors - are available with either wired or wireless communications. It 

is important to note, that device power is handled independently from device 

communications. Devices will require electrical wiring to connect to the building’s power 

system (some new products with low energy requirements now use batteries or energy 

harvesting technology for power generation). 

Advantages of wireless communications include: 

 Ease and low cost of installation, especially for existing buildings 

 Scalability through easy addition of devices 

 Compatibility usually available with wired protocols, e.g. BACnet, LonWorks, Modbus 

 Large facilities and campuses where it’s not practical to run wiring between zones 

Advantages of wired communications include: 

 New construction where running wires is not a significant extra expense 

 Where high-energy equipment could interfere with wireless 

 Where performance and reliability is critical 

While there are many protocols in the BMS market, very different approaches often 

co-exist within a single building (Fig. 3.8). Open protocols can usually communicate with 

each other, because gateways and APIs have been developed by the various user groups 

and vendors. Each protocol has its own advantages and adherents, and a mixing of them 

may be the most effective way to optimize a building system to particular needs and 

budgets. 
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Figure 3.8. Example of various connected devices via multiple protocols [3.15] 

3.4. Most popular BMS protocols 

BACnet® (Building Automation and Control networks) protocol is focused exclusively 

on building automation. It was created in 1987 at Cornell University, Ithaca, New York, and 

became an ANSI standard in 1995 under the auspices of the American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE). BACnet is a worldwide standard 

used by more than 800 vendors across hundreds of devices. BACnet clients must be 

backward compatible to ensure interoperability with multiple generations of devices within 

an installation. BACnet supports most building operations, including HVAC, lighting, fire 

protection, and physical security (access control, intrusion) devices. This protocol is 

supported and maintained by ASHRAE Standing Standard Project Committee 135. 

Products are certified for compliance and interoperability through BACnet International via 

the BACnet Testing Laboratories (BTL). Main features of BACnet are summarized in 

Table 3.1. 

LonWorks® (Local Operating NetWORK) is a widely used standard for many types 

of control applications, including building automation. It was created by the manufacturer 

Echelon in 1988, and in 1999 it was accepted as a standard by ANSI for control networking 

(ANSI/CEA-709.1-B). The majority of LonWorks devices involve buildings projects, 

including HVAC and lighting. The protocol is also used in many other markets such as 

outdoor lighting, transportation, utility, process control, and home automation. The 

protocol’s largest application area is in building automation and is an international standard, 

with millions of installed devices around the world. LonWorks is supported by LonMark® 

International, an independent consortium of manufacturers that promote efficient and 

effective integration of open, multi-vendor control systems. The organization develops 

standards and provides device certification. Main features of LonWorks are summarized in 

Table 3.1. 

KNX is a worldwide communication standard for home and building control. It was 

created in 1999 by Konnex Association (now KNX Association), and is a combination of 

three previous standards: European Home Systems Protocol (EHS), BatiBUS, and 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 
compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

 

                                                                                                   79 

               

„ Development, optimisation and sustainability evaluation of 
smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

European Installation Bus (EIB or Instabus). The KNX Association administers the standard, 

providing vendor- and product-independent commissioning software for standardized 

commissioning procedures (ETS). KNX Association has about 400 member companies in 

38 countries, offering more than 7,000 certified products for building automation, which are 

handled by approximately 48,000 certified KNX-partners in 138 countries. KNX Association 

is a non-profit organization governed by Belgian Law. KNX is used in residential and 

commercial building automation for HVAC, lighting, security, remote access, blind and 

shutter control, visualization, and energy management. 

DALI (Digital Addressable Lighting Interface) is the leading protocol for the control of 

lighting in building automation. Developed by a group of manufacturers led by Phillips, the 

protocol was first drafted as an open standard in 2000 as an alternative to Digital Signal 

Interface (DSI). DALI 2 replaced the original DALI protocol in 2014 and is backward 

compatible with it. DALI provides exceptionally fine-grained control over lighting, with each 

device being separately addressable. 256 levels of brightness are possible. Features 

include remote control, integration with fire and emergency lighting systems, balancing of 

light output as LEDs age, and the ability to adjust lighting load based on electricity demand. 

DALI is used exclusively for lighting and related controls. DALI devices include fluorescent 

HF ballasts, low voltage transformers, PE cells, motion detectors, wall switches and 

gateways to other protocols. The protocol is administered by the DALI working party (AG 

DALI), ensuring that DALI compliant products will have the highest levels of interoperability 

with other DALI products. Testing can be done either by an approved test house or by DALI 

members themselves using DALI software. 

C-Bus is a communications protocol based on a seven-layer OSI model for home and 

building automation. It was created by Clipsal Australia (now part of Schneider Electric) for 

the Clipsal brand of home automation and building lighting control. Usually used for lighting 

control, but can also control pumps, motors, and virtually any other type of electrical load. 

C-Bus became an open protocol in 2008. C-Bus provides a great deal of flexibility in 

switching and control – functions can be changed, added, removed, moved, or 

reprogrammed at any position on the network without cumbersome hard-wiring. It uses a 

dedicated low-voltage cable up to 1000 m to carry command and control signals, making it 

suitable for large commercial applications. The protocol is administered by the C-Bus 

Enabled Program, which provides certification and support to third-party developers for the 

design and development. 

Modbus® is a serial communications protocol developed by Modicon (now Schneider 

Electric) in 1979. Originally created for use with Modicon’s programmable logic controllers 

(PLCs), it was released as an open protocol in 2004 and has become a de facto standard 

for connecting a wide range of industrial electronic devices. The Modbus protocol uses a 

client/server architecture to manage communication between a host and intelligent devices, 

especially sensors in data acquisition systems. In building automation, it is used to control 

equipment such as chillers, boilers, and fans. Modbus is used to communicate between 

intelligent devices and sensors and instruments, and to monitor field devices using PCs and 

human-machine interfaces. Modbus is most widely used as an industrial protocol, but is 

also popular in building, infrastructure, transportation, and energy applications. Noted for its 

flexible and open communications, Modbus is one of the most widely used protocols in the 

world. The protocol is administered by the Modbus Organization, a group of independent 

users and suppliers of automation devices. 
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M-Bus (meter-bus) is a European standard for the remote readout of consumption 

meters (water, heat, gas, electric meters, as well as valves and actuators) in homes and 

buildings. It was developed in the 1990s at the University of Paderborn, in conjunction with 

Texas Instruments Deutschland GmbH and Techem GmbH, and is now widely used in 

many European countries for smart metering. M-Bus makes it possible to read meters 

remotely from a host computer or handheld device. In building automation, M-Bus can be 

linked to the building system to provide integration with other systems such as HVAC and 

lighting. It is also sometimes used for alarm systems and flexible illumination systems. The 

protocol is based on the ISO-OSI Reference Model to provide openness and easy 

integration with other protocols. M-Bus is administered by the M-Bus User Group, which 

conducts occasional seminars and user group meetings. 

OPC is a global software interface that enables the exchange of data among devices, 

control systems and applications from different vendors. It is used in building automation to 

provide connectivity between different protocols. It enables different systems such as 

security, lighting, elevator, and HVAC to be networked using a single connectivity standard. 

It was originally developed in 1996 for machineto-machine communication in industrial 

settings, and was limited to Windows® platforms. In 2008 a newer and more open standard 

of the protocol, OPC Unified Architecture (OPC UA), was introduced and has been adopted 

in other applications including building automation. OPC UA is notable for its cross-platform 

service-oriented architecture, enabling interoperability across many types of equipment, 

systems, and databases. It can be thought of as a universal translator for linking disparate 

systems. It works with virtually every control system on the market, and can communicate 

with major building automation protocols such as Modbus, BACnet, and LonWorks. OPC 

specifications include transmission of real-time events and alarms, and interfacing of real-

time data to various types of devices. The protocol is administered by the OPC Foundation, 

an independent group of more than 450 manufacturers, suppliers, and integrators. OPC is 

a de facto global standard used North and South America, Europe, Israel, China, Japan, 

Southeast Asia, and Australia. 

EnOcean® standard for wireless networking was originally developed as a 

commercial venture of Siemens AG. It became an open protocol in 2008 when the EnOcean 

Alliance was formed by EnOcean, Texas Instruments, Omnio, Sylvania, Masco, and MK 

Electric. The standard specifies the use of energy-harvesting technology that does not 

require batteries or other power sources. EnOcean devices utilize kinetic and thermal 

energy-harvesting techniques such as solar cells, making them economical to use and 

environmentally friendly. The most typical applications in building automation are for 

occupancy sensors, lighting controls, key card switches, and other room control 

applications.  The protocol is administered by the non-profit EnOcean Alliance, comprised 

of some 350 member companies. 

ZigBee® is a wireless standard for home and commercial use developed by the 

ZigBee Alliance, established in 2002. ZigBee is based on an IEEE 802.15.4 standard. The 

latest version of the standard is known as ZigBee Pro and was published in 2007. A major 

feature of the ZigBee protocol is its mesh network topology that is self-healing and 

autorouting. Mesh networks do not depend on any single connection; if one link is broken, 

devices search through the mesh to find another available route. This capability makes a 

ZigBee-based network very reliable and flexible. Typically, ZigBee devices are used as 

room and HVAC controllers, as well as door/window contacts and occupancy sensors. The 
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protocol is administered by the ZigBee Alliance, an open, non-profit association of 

approximately 400 members. 

Matrix of most popular open protocols used in smart building BMS systems is shown 

on Fig. 3.9 [3.15]. This list represents native support of each protocol. In many cases 

gateways can be added that enable the support of additional protocols. 

 

Table 3.1. Main features of most popular BMS protocols 

Protocol Topology Media 
Transport 
protocols 

License 

BACnet 
Daisy chain, star 
or mixed 
topology 

Twisted pair 
(<1500 m), fiber optics, 
wireless 

IP, Ethernet, 
LonTalk, Zigbee, 
ARCnet, MS/TP 

Free 

LonWorks 
Daisy-chain, 
star or mixed 
topology 

Twisted pair (< 
2700 m), power 
lines, fiber optics, 
wireless 

IP-aware 
applications or 
remote network-
management tools 
using IP tunnelling 

Paid by 
product 
manufacturer 

KNX 

Tree, line and 
star topologies 
(or a 
combination) 

Twisted pair (KNX TP, 
< 1000 m), Power 
Line(KNX PL), Radio 
frequency (KNX R), 
IP/Ethernet 
(KNXnet/IP) 

with other protocols 
via gateways 

Paid by 
product 
manufacturer 

DALI 
Line or star 
topologies (or a 
combination) 

Single pair of wires 
(< 300 m); wireless 
extension available 

with other protocols 
via gateways 

Free to 
members 

C-Bus 
Free topology 
architecture 

Unshielded twisted 
pair (< 1000 m) 

Proprietary (allows 
for integration with 
DALI, OPC, Web 
Services and 
ZigBee). Data can 
be transported over 
RS232 and TCP/IP 

Free 

Modbus Line topology 
Two-wire, four-wire, 
wireless mesh 

IP, Ethernet. Data 
can be transported 
via ASCII, RTU 

Free 

M-bus 
Line topology 
(technically not 
a network) 

Twisted pair; wireless 
version available (868, 
433, 169 MHz) 

Not defined in 
standard; gateways 
are available for IP 

Free 

OPC Server-client 

OPC client applications can communicate 
with OPC servers via any appropriate 
communication technology, such as TCP/IP, 
HTTP, HTTPS, or XML 

Paid by 
product 
manufacturer 

EnOcean 
Point-to-point 
communications 

Wireless (< 30 m)  
Paid by 
product 
manufacturer 

ZigBee 
Mesh network 
(self-healing) 

Wireless (< 100 m)  
Fee only for 
commercial 
use 
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Figure 3.9. Matrix of most popular open protocols used in smart building BMS systems 
[3.15] 

3.5. An example of systems and software use in a real nZEB building  

As an example of number of systems used for a management of existing building, the 

nearly zero energy building is chosen. The building in relatively new, it was built only in 2016 

(see Fig. 3.10). The main building parameters are summarized in Table 3.2. 

 

 

Figure 3.10. Studied nZEB building 
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Table 3.2. Main parameters of studied nZEB building 

Parameter Value 

Location Ungurpils, Latvia (57°46′19″N, 24°48′46″E) 

Year of construction 2016 

Threated floor area 521 m2 

No. of occupants 25 

Building volume 1569 m3 

Airtightness 0.3 h-1 

Indoor temperature* 18°C (summer) / 25°C (winter) 

Heating demand* 15.1 kWh/m2 

Cooling demand* 2.2 kWh/m2 

Heating load* 19 W/m2 

Primary energy* 51 kWh/m2 

* - data from PHPP calculation 

 

The systems used in this nZEB building are: 

 Heating is provided by the geothermal heat pump with borehole heat exchanger and 

underfloor heating system 

 Cooling is provided by the geothermal heat pump with borehole heat exchanger and 

underfloor cooling system 

 Domestic hot water is provided by the same geothermal heat pump and solar 

collectors placed on the roof 

 Ventilation is provided by the compact HVAC unit with a counterflow heat recovery 

exchanger with efficiency up to 93 % and highly efficient EC fans 

 Lighting is provided by the electricity and PV panels with batteries for energy storage 

General scheme of combined heating/cooling systems in studied building is shown on Fig. 

3.11 – as it seen, it integrated different technologies, energy exchangers and control points, 

as well as dozens of sensors. 

 

 

Figure 3.11. Scheme of combined heating/cooling systems in studied nZEB building 
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After detailed analysis of the existing systems with control points, sensors and 

software possibilities on site, it has been found that smart or at least user-friendly 

management of the building’s systems is not provided – all the different systems are 

regulated and controlled practically independently and integrated building management 

system (BMS) is not implemented. It has also been revealed that not all the energy 

consumers are measured and sometimes it is impossible even to clarify direction of energy 

flow (e.g. heating or cooling). Therefore, a detailed plan has been developed for recording 

and analysis of all the produced and consumed energies, as well as environmental 

parameters (see Table 3.3). 

 

Table 3.3. Summary of existing and planned measured and recorded parameters included in BMS 

 

System + Subsystem Variable or process (energy, type, etc.) Parameters

Electricity, kWh

Enter temperature

Exit temperature

Electricity, kWh

Enter temperature

Exit temperature

Electricity (pumps, automatics, etc.) Electricity, kWh

Useful energy (delivered to the buffer tank), kWh

Return energy (delivered to the ground), kWh

Enter temperature

Exit temperature

Accumulator (buffering) tank Temperatures at different levels Submersible temperature sensors

Heat energy, kWh

Enter temperature

Exit temperature

Heat energy, kWh

Enter temperature

Exit temperature

Heat energy, kWh

Enter temperature

Exit temperature

Heat energy, kWh

Enter temperature

Exit temperature

Electricity, kWh

Temperature before the heat exchanger

Temperature after the heat exchanger

Airflow (m3/h)

Temperature before the heat exchanger

Temperature after the heat exchanger

Airflow (m3/h)

Electricity, kWh

The amount of water consumed, in kg or l

Humidity of supply air, %

Air humidity after humidification, %

Electricity, kWh

Enter temperature

Exit temperature

Heat (cooling) energy, kWh

Enter temperature

Exit temperature

Electricity, kWh

Enter temperature

Exit temperature

Return energy (delivered to the ground), kWh

Enter temperature

Exit temperature

Buffer tank Temperatures at different levels Submersible temperature sensors

Heat (cooling) energy, kWh

Enter temperature

Exit temperature

Heat (cooling) energy, kWh

Enter temperature

Exit temperature

Electricity Electricity, kWh

Produced electricity (up to the battery), kWh

Used electricity (taken from the battery), kWh

Average air temperature in the building

Air temperature in separate rooms

Average humidity in the building

Humidity in separate rooms

CO2 sensor in room No. 6

CO2 sensor in the exhaust air duct

Outdoor temperature

Outdoor humidity

Solar radiation density, W / m2

Wind speed, m / s

Wind direction

V
e

n
ti

la
ti

o
n

H
e

at
in

g 
+ 

D
H

W

Indoor lighting

Outdoor parameters

AirflowAir intake in the building

Facade lighting

Indoors

Outdoors

Electricity

Indoor air parameters

Underfloor cooling (UPONOR) Heat exchanger in the floor

Ventilation pre-cooler Heat carrier from the buffer tank

C
o

o
lin

g

Geothermal heat pump

Electricity (pumps, automatics, etc.)

Total generated energy

Solar collectors

Electricity (pumps, automatics, etc.)

Total generated energy

Exhaust from the building Airflow

Humidification Humidification up to 30% in winter

Ventilation heat supply (calorifier) Heat exchanger behind the heat exchanger

Domestric hot water Heat energy from the tank for the preparation of hot water

Underfloor heating (UPONOR) Heat exchanger in the floor

Ventilation pre-heater Heat carrier from the buffer tank

Geothermal heat pump

Electricity (pumps, automatics, etc.)

Total generated heat energy

Solar collectors
Total generated heat energy
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The BMS system is created to help not only show, but also analyse and predict the 

interconnection between different systems, thus increasing the efficiency of the whole 

building. The biggest challenge during the planning and integration of the BMS system for 

this building was a connection of all the existing and newly installed systems, sensors and 

actuators in one place using Niagara framework [3.17].  The protocols used to connect all 

the systems are: BACnet, KNX, Modbus and M-Bus, some additional drivers and hardware 

adapters were installed to ensure the operation in one system. 

At the moment, there is not enough data to conclude the effect of installation and 

configuration of the BMS in this nZEB building, but after at least couple of months of system 

running it will be clear about effect of these changes. 

3.6. Analysis and conclusion  

Analysis of different available BMS systems and protocols for a smart building data 

records, intelligent management and appropriate control, as well as an working with a real 

nZEB building with initially segmental and individual systems show that the biggest 

challenge is integration of all the data/systems in one central unit. Each manufacturer or 

producers of one system (e.g. ventilation, heat pump or specific sensors/meters) are using 

particular communication protocol, which is very well optimized for this type of application 

and use of different protocols requires at least additional driver, but most often – some kind 

of hardware converter or adaptor, meaning additional expenses. 

Only by getting a comprehensive information about all the measurements and system 

operation together it is possible to realize a really smart management of the building, 

avoiding conflicts between different systems and providing the increasing of overall energy 

efficiency. Thus, for example opened window decrease the temperature near it during a 

winter and heating system (or local heater) will increase the power in this room or even in 

all the building, at the same time, if the BMS receives the signal from the window open/close 

sensor (e.g. [3.18]), it will not affect the functioning of the heating system until window is 

opened or even couple of minutes later. Or, the long-time opening of the window when 

mechanical ventilation system is operating will cause minimizing or even stop the ventilation 

system to decrease uncontrolled convective heat losses and to exclude possible inflow of 

any outdoor chemical and microbiological contamination; a message to cell phone can be 

sent too. 

The “smartness” of the building can be reached only when all the essential 

parameters- both environmental and measurements from the running systems can not only 

be measured and recorded, but also used to analyse, control and manage not only the 

same, but also another systems (for example, strong wind induces the opening of external 

window blinds or heating/lighting power depends on occupancy in the room). Intelligent 

programming of BMS response action using maximum possible actuators (e.g. airflow, 

heating power, lighting, shading), forecasting of all possible scenarios is absolutely 

necessary to achieve this goal. 
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Recommendations 

Use of BMS system in a nZEB building is one of the key factors to reach the required 

energy efficiency of a building and to make is really smart, but it is very important to follow 

the following points in achieve these goals: 

 All the main systems must have the ability to read the built-in sensors readings and 

runs actuators remotely. 

 All the main systems must have the ability to be managed using BMS as a single 

system (not independently from each other). 

 Al the systems must have to support a single BMS protocol (or with the ability to 

convert native protocol). 

 Energy meters must be installed on separate systems to individually record and 

accordingly manage different building systems (heating, DHW, cooling, etc.) 
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4. Design, installation, operation and human behaviour 

influence on energy consumption of HVAC system 

4.1. Introduction 

This section of the report will analyse the results of existing researches and case 

studies on how the design, installation, operation and human behaviour factors can affect 

the energy consumption of heating, cooling and ventilation systems for nZEB. 

As the nZEB must ensure the appropriate indoor climate conditions by consuming 

minimal amount of energy it is vitally important that starting from the design stage and up 

to real time operation the system components are selected correctly, built according to the 

best practise and finally operated as foreseen. Sometimes this can be a difficult task due 

to the fact that modern buildings can be very complex and have a lot of BMS subsystems 

which takes highly educated personnel to operate them. Therefore, the best solutions are 

always the ones that are self-sustainable, failsafe, easy to understand and control and 

have high level of reliability. However, as the HVAC systems are strictly dependent on 

many constantly variating factors, like outdoor environment, indoor pollutants and 

necessary indoor parameters, it is often necessary to install a lot of sensors and control 

elements to constantly adjust the working parameters of these systems. 

The practise shows that in many cases the good intentions of having building with 

low energy consumption are lost during the building process, when some elements are 

changed or not installed as stated in the design, or during operation when the responsible 

persons are not instructed on how to take full advantage of installed technology. Even if 

everything is built and operated as foreseen, the human factor of buildings everyday users 

can still play a large role in the final energy consumption of building. Therefore, to ensure 

that the building will really consume the stated very low amount of energy all the following 

stages of building life and factors and must be addressed: 

1. Design stage; 

2. System installation stage; 

3. Operation stage 

4. Human behaviour factors; 

4.2. Design stage 

The first step in successful completion of nZEB is to have high quality and integrated 

design. It means that all the designed systems must serve the specific building 

acknowledging the location, architectural design, premise usage type, available energy 

resources, etc. Usually this is the most easily accomplished stage, as it is possible to 

make everything work on paper. Especially if the customer has sufficient founds and the 

set goals are high. In such cases it is possible to foresee modern, high-end technical 

equipment that has high energy efficiency and control systems with all the necessary 

automation. 

During design stage most of the challenges arise in coordination process between 

various disciplines and to make sure that nothing gets lost in the grey zones. To avoid 
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this, at the start of the design process strict lines of responsibility must be stated. Also if 

during the design process the building undergoes many frequent and noticeable changes 

it can complicate the process as the latest information sometimes is not spread to all the 

members involved. However, if there is sufficient time left for design stage it is possible to 

perform analysis and energy calculations of various scenarios to find the one most 

suitable for given building. Such complex energy simulations can be performed in 

software’s like IDA-ICE, IESVE, Energy+, RIUSKA or others. The Figure 4.1 shows the 

principle scheme of the parameters and their interactions that are most commonly taken 

into account in these software’s. 

 

Figure 4.1. Parameters considered in simulation programs [1] 

4.3. Heating systems 

One of the first systems that must be designed for nZEB buildings located in norther 

climate is heating as every building must have some type of such system and the maximal 

allowed amount consumed by it is strictly regulated in the standards. The heating system 

design can be divided in several subtasks: 

1) Calculating the necessary design heat load 

2) Estimating the annual energy consumption for heating 

3) Choosing the heating system type 

4) Choosing and designing the heat source 

5) Designing and calculating rest of the system elements, like, pipes, insulation, 

balancing valves, expansion vessels, storage tanks, etc. 

The design heat load is the maximal necessary amount of heating energy that is 

needed to ensure the necessary indoor temperature for the specific building, knowing its 

external constructions, U-values, outdoor parameters for given location, assuming that 

there are no internal heat gains. This is needed for sizing of the system elements and 

does not vary depending on heating source type or the specifics of heating system. 

On the other hand, annual heating energy consumption, which actually shows how 

much energy the building will consume during whole year is dependent on some 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 
compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

 

                                                                                89 

 

„ Development, optimisation and sustainability evaluation of 
smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

 

additional factors, like internal heat gains, solar gains, thermal capacity of building 

elements, operation time of the systems and occupant behaviour. It can be stated that 

exactly this value is more important than the design load, as this is the energy that is 

consumed on average for whole building operation time. It must be noted that this value 

can only be estimated through complex energy simulation that accounts for hourly 

changes of external and internal parameters. Also, it is possible that one building can 

have lower design heating load but higher annual energy consumption. This can happen, 

for example, in case when two otherwise identical buildings have different windows. If the 

first building has windows with slightly lower U-value but higher g-value than the second 

building, then, in theory, it will have higher design heat load, but lower overall annual 

energy consumption, because the first calculation does not account for solar heat gains. 

Similarly, it can happen in case when two buildings have different heating system 

type. For example, if a building has underfloor heating system, then it can ensure 

comfortable thermal sensation for occupants with lower indoor air temperature, compared 

to building with radiator heating. Such results have been showed in studies [2] which 

analysed three different heating systems (floor heating, hot air blowing heating and 

radiator heating) using the same heating power. “The results were used to predict the 

overall thermal comfort in the dwelling model for all the three heating cases. They have 

shown that for the same heat power in the dwelling, the average indoors temperature is 

19.7 °C for radiator heating, 20.4 °C for the low temperature floor heating and 20 °C for 

the electric heat pump heating. They also showed that the underfloor heating generates a 

better thermal comfort compared to the two other types of heating. In terms of power 

consumption, the underfloor heating (due to its high thermal inertia) allows for keeping the 

system “ON” or “OFF” for longer periods compared to the two other heating systems.” 

Also, if some premises have very high ceilings than by having heating with infrared panels 

allow to reduce the total amount of provided heating energy, as they directly heat up the 

surface. 

 

 

Figure 4.2. Simulation of thermal comfort on the symmetry plane Z = 0 [2] 

At the design stage when the heating source must be chosen it is done based on 

the available resources – are there any district heating networks or gas networks, if no, 

then alternative sources must be chosen. If the customer wants to have sustainable 

building than in most cases such renewable sources as air-water or ground-water heat 

pumps air installed. 
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Existing researches [3] suggest that the air source eat pumps can be a viable 

solution in case of cold climates: “Due to high efficiency, energy saving, environmental 

friendliness and safety, the air source heat pump has drawn much attention in the cold 

and serve cold climate areas. When the ambient temperature is relative high, the air 

source heat pump’s performance characteristic is relative higher. However, when the air 

source heat pump is applied to heating in the cold and severe cold area, the refrigerant 

inspiration specific volume increases along with outdoor ambient temperature reducing, 

which further causes the decreasing of the heating ability. … In the northern region of 

China, a two-stage heat pump system composed of air source heat pump unit and water 

source heat pump (water-air heat pump or water-water heat pump) was proposed which is 

one of the ideal heating systems, but still in the theoretical and experimental research 

stage.” However, when installing air heat pumps as main heating source it must always be 

noted that their efficiency decreases with fall of outside temperature and that during very 

cold periods mostly electrical energy is used. The decrease of COP relative to outside air 

temperature is showed in Figure 4.3. Of course, for each specific manufacturer the exact 

values will differ, but the trend will remain. 

 

Figure 4.3. Example of COP variation depending on outside temperature 
(http://www.heatpumps4pools.com/koi-ponds2) 

 

As a promising technology to be applied is air cycle heat pump water heaters 

according to some studies [4] where the performance of ACHPWH was numerically 

compared with two typical vapor compression heat pump water heaters (VCHPWH) under 

two different heating schemes, namely instantaneous heating and recirculation heating: 

“In summary, air cycle heat pump water heater (ACHPWH) is promising to be applied as 

water heater, especially for instantaneous heating in cold climate. As a last mention, the 

economy of ACHPWH has not been studied and compared in this work because 

ACHPWH is presently more costly owing to the expensive centrifugal compressor and 

expander.” 

http://www.heatpumps4pools.com/koi-ponds2
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Another approach mentioned in studies is to use different refrigerant mixtures to 

increase the COP and to make the operation of heat pumps more environmentally friendly 

through limiting use of ozone detoriating gases. For example, a paper [5] presents the 

results of comparing the energy efficiency of a typical hybrid cold climate heating system, 

which combined an air-source heat pump and an electric heater back-up with two various 

refrigerant mixtures. “…Such a system was numerically simulated in order to assess the 

performance of R32-CO2 refrigerant mixtures, both for a constant composition of 80/20 

and for a variable composition. The refrigerant R410A was used as a reference 

refrigerant. The seasonal performance analysis demonstrated that by applying R32-CO2 

(80/20), it was possible to save up to 12% in terms of energy consumption. Furthermore, 

by applying R32-CO2 with variable mixture, up to 23% of seasonal energy consumption 

could be saved. Applying R32-CO2 refrigerant mixture in a heat pump not only will reduce 

the energy consumption but also will reduce the GWP by 16%, compared to R410A. The 

obtained results illustrate the benefits of applying refrigerant mixtures in air-source heat 

pumps with minimum changing requirements in conventional machines.“  

Added benefit of using heat pumps as the main heating energy source is their low 

CO2 production during the operation time. As the Figure 4.4 shows exactly heat pumps 

are the heating source that produces the least amount CO2 in comparison to other most 

common individual, local heat sources like gas boilers. 

 

Figure 4.4. CO2 emissions for various heating systems 
(http://www.northstarenergy.co.uk/heat_pumps/air_source_heat_ump/) 

 

However, at least in Latvia many buildings are forced to be connected to centralized 

heating system networks if they are present. But such systems efficiency is also relatively 

high as in major cities the heating plants work in cogeneration regime simultaneously 

generating also electricity. The CO2 emissions from heating plants that use natural gas is 

established to be 0,202 kg/kWh. 

The next step after determining the heat source is to develop a general scheme of 

the buildings heating system. As this will be the central part of the whole system the 

solution specifics can both help save the energy and ensure highly comfortable indoor 

http://www.northstarenergy.co.uk/heat_pumps/air_source_heat_ump/
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temperature. An example of how such schematic design looks is shown in Figure 4.5. 

Depending on the building specifics and other HVAC systems, as well as architectural 

solutions the number and type of separate heating loops or sections must be determined. 

In most cases there are separate secondary heating loops for underfloor heating, radiator 

heating and AHU calorifier supply systems. These loops are made separate because 

each of them has different necessary heat carrier parameters and working regime. The 

main decision factors and equipment elements that allow to reduce the energy 

consumption during operation time are the chosen controllers. The higher the automation 

possibilities the higher the potential to save some energy. Also carefully chosen supply 

and return temperatures of heat carriers for each loop are important to increase efficiency 

ratio of used boilers. 

 

Figure 4.5: Example of heating systems schematic design 

When the main heating system solutions and elements, like heating source, heating 

type and pipe layout has been chosen and most of the system calculated and designed it 

is important to foresee the correct type of balancing. If the balancing valves and their set 

point are not calculated or chosen improperly it can lead to increased heat consumption 

due to the fact that the closest heating elements to the heating source will emit more heat 

than necessary, while the further ones will be to cold. Therefore, the occupants in the 

closer rooms will have the urge to decrease indoor temperature through opening windows 

in such way letting out the heat generated in the heating plant. To ensure such situation 

does not occur the balancing valves are a necessity for heating systems. In the Figure 4.6 

three most common types of balancing valves have been showed. 
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Figure 4.6 Balancing valve types: manual (on the left); combined automatic balancing 
valve (middle); dynamic (on the right) 

(http://www2.imi-hydronic.com and http://products.danfoss.com) 

 

The importance and benefits of heating system balancing have been widely studied 

and the consensus is that by applying balancing function the overall energy consumption 

reductions is around 5-15%. Depending on where the valves are located and how they 

operate the balancing valves can be divided in three subgroups: manual valves, combined 

automatic balancing valves or dynamic valves. The most common ones which very mostly 

used for heating system balancing some time ago are the manual valves. They have pre-

set values and for each value and valve size combination the flow and pressure loss 

through the valve is given. By knowing this it can be determined at which position the 

valve must be set to achieve the necessary system parameters for design conditions. 

However, as the heating system parameters vary during the year this valve is not capable 

to adapt. Therefore, combined automatic balancing valves can be used. They integrate 

three functions in one valve - a differential pressure controller, a flow limiter and a zone 

controller. For them to work they valve must be coupled with partner valve that is located 

on return pipe of the same system. The AB-PM valve converts an unbalanced variable 

flow system into a reliable and balanced heating system with proper heat distribution, 

even at partial loads. Thanks to the stable low differential pressure across all the 

thermostatic radiator valves, the heating system also becomes noise free. At the same 

time the most advanced solution would be to use dynamic balancing valves as they 

combine also the thermostatic radiator valves with the differential pressure controller for 

accurate temperature control and automatic hydronic balancing in a single product. As 

these valves are located on each radiator the system will remain in perfect balance 

regardless of any temperature or flow fluctuations because the valve will keep the pre-set 

flow regardless of pressure changes in the heating system, making each radiator 

independent. 

4.4. Ventilation system 

The second most important mechanical system in nZEB is the ventilation system. In 

nZEB cases it is especially important as the building is maximally air tight and the energy 

loses through building envelope are reduced to minimum. In such cases the heat needed 

for ventilation air heating can easily reach up to 40% and more depending on the building 

type. Because it is possible to reduce the heat loses through building envelope but the 

ventilation is necessary in any case and as we cannot regain 100% of exhaust air energy 

there will be some heat loses due to ventilation. And the will be relatively higher as the 

building gets more insulated. Therefore, it is vitally important to design the ventilation 

system in such way that regenerates as much heat as possible and can be precisely 

controlled. 

http://www2.imi-hydronic.com/
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As the local regulations require that at least 75% of heat from ventilation system is 

recovered it means that there should be some kind of mechanical ventilation system in the 

building. In general, there could be two solutions – either fully mechanical ventilation 

system with air handling unit or, in case for apartment buildings, decentralized ventilation 

system with room based heat recovery systems 

The ventilation system design can be divided in several subtasks: 

1) Calculating the necessary ventilation air volume 

2) Estimating the annual energy consumption for heating 

3) Choosing and designing the ventilation system type 

4) Designing and calculating rest of the system elements, like, air ducts, flow 

dampers, diffusers, insulation, silencers, fire safety valves, etc. 

4.5. System installation stage 

After the designing stage of all the systems and building the building and installation 

of engineering networks can be started. During this stage a lot of potential mistakes can 

be made if the involved personnel is not up to task or lack some specific knowledge for 

installation works. This can lead to severe malfunctions of designed engineering systems 

and increased energy consumption that can afterwards be difficult to explain due to fact 

that a lot of the problems could be hard to spot because the engineering networks most 

often are installed either in walls, ceilings or under the floor. The importance of the 

installation mistakes can vary from simple aesthetics problems or annoyance, if something 

is not installed to be good looking or according to ergonomic requirements, up to serious 

danger causing, life or health threatening mistakes. However, the most common ones are 

some small installation mistakes or inaccuracies that cause increased energy 

consumption, noise generation, lifespan shortening of devices or system elements, 

decreased automation capabilities and general minor system working problems. 

The first and least important or influential group of installation mistakes are the ones 

that cause some aesthetic displeasure or make the system elements hard to access. This, 

although, in short term do not directly cause damaging effect in longer time period can 

cause some problems, because the inaccessible elements will not be maintained as 

needed and therefore can cause some problems in future. Such situation can often be 

seen for various kinds of elements that need regular maintenance but lack access hatch 

or are installed in a way that other elements block them. Some of the most common cases 

with such situation are ducted air cooling devices with lack of access cover, revisions for 

sewerage or cleaning places for ventilation air ducts that are hard to reach, filters for 

various systems, balancing valves behind other systems or similar cases. In the Figure 

4.7 an example of such an installation example has been shown. It shows an air intake 

grill that has been located behind decorative wooden façade elements and during the 

operation period it has clogged up with dust that comes from nearby construction process 

as this building is located in a new open place area where other buildings are only now 

being built. Quite often similar problems can be avoided during design stage, by 

foreseeing all the necessary access elements and ensuring enough space so the system 

elements can be easily accessed and maintained. The problem occurs when, due to 
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visual reasons, the number and size of access covers is minimized, and all of the 

engineering equipment elements are hidden as much as possible. 

     

Figure 4.7: Hidden ventilation air intake grill clogging with dust 

The second group of installation mistakes are the ones that can cause increased 

energy consumption of the designed systems and shortening of equipment serving 

lifetime. An example of a typical such mistake can be seen in Figure 4.8 which shows a 

circulation pump that is installed in wrong position. This can cause higher electricity 

consumption during system operation as the pump works with lower efficiency, but more 

importantly it can cause the breakdown of the pump due to overheating as the liquid is not 

passing through it as foreseen by manufacturer. Such incorrect pump installation can be 

seen quite often despite the fact that the manufacturer includes an installation manual with 

each pump package and the brand name is always especially oriented in a way that it can 

be read. 

  

Figure 4.8: Incorrect installation of a circulation pump 

Another example in this installation mistake group could be mentioned deviations 

from design solution regarding air duct material or size or not respecting the manufacturer 

requirements for straight pipe/duct lengths before various elements. The figure Figure 4.9  

shows how in a project the ventilation air duct material is changed to flexible type 
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compared to hard tin sheet air duct. This can cause increased pressure drop in the 

system therefore causing higher electricity consumption in AHU and higher noise 

generations. Such relatively small deviations from project solutions are often done by 

builders to save time and money but can cause issued during system operation time. 

Sometimes, if the building supervisor does not have specific knowledge this can go 

unnoticed. Similar small inaccuracy’s related to the required straight pipe or duct sections 

before various elements like valves, flow meters, silencers are also often neglected both 

due to space limitation but more often due to shortage of time and not wanting to pay 

attention to smaller details. This can cause increased noise levels, inaccuracy of readings 

of flow meters and overall performance degradation of system as the valves will not 

operate as calculated. 

  

Figure 4.9: Installation of flexible instead of tin air duct (left side), manufacturer 
recommended safety distance for valve installation (right side) 

The third group of installation mistakes can cause technical problems during 

exploitation of building and can be visibly detected. For example an inappropriate pipe 

material selection or connection of two different pipe materials that should not be 

connected can be mentioned. One such example is connection of copper and galvanized 

steel pipes. They should not be joined directly because it will cause galvanic corrosion 

therefore forming of a leak, see Figure 4.10. To avoid this at each connection a separation 

of these two metals must be made with a brass fitting, or a specific dielectric union. Also, 

some plastic pipe material must be specifically used for hot or cold water, like PVC-U is 

made for cold water while PVC-C for hot water. In this group of installation mistakes such 

mistakes as inappropriate air duct cutting by using angle grinder instead of specialized air 

duct cutting equipment can be mentioned. By using angle grinder, the small protective 

layer of tin sheet air ducts is damaged, and the air leakage increased. Similar problems 

can occur when mounting hydronic systems, if for example pipes are from one 

manufacturer but pipe fittings from another. This, due to small size and type differences, 

can cause pipe joint places and bends to be not as strong as needed and they will have 

higher potential of leakage. This is another relatively often occurring problem because the 

good quality pipe fittings are noticeably more expensive compared to other ones. 
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Figure 4.10: Corrosion of piping at joints and bends 

The last, and potentially, most importantly, the installation mistakes can be related to 

low voltage and BMS elements that operate and regulate all the HVAC system. This is the 

most important part of the whole system because it is responsible for all the other built 

system elements. If it will be dysfunctional it can cause noticeable increase in energy 

consumption or decrease in comfort level. Also, it is harder to notice that something is not 

working as designed in low voltage or BMS systems in comparison to other HVAC system 

elements because usually there are no visual indicators. In most cases standard persons 

maybe has the general knowledge regarding the mechanical systems and can identify a 

problem if something is visually leaking, emitting high noise, moving suspiciously, or not 

heating/cooling/venting noticeably but if the problem is related to low voltage than rarely a 

person can identify it. For larger and more advanced buildings the BMS can be very 

complex with high amount of variable parameters that controls the mechanical parts and 

only highly qualified specialist can truly understand all the working algorithms. Only in 

some simpler cases like presented in Figure 4.11 the local system HVAC system manager 

can identify the problem. 

  

Figure 4.11: Example of incorrect installation of valve regulator 

 
The last, and potentially, most importantly, the installation mistakes can be related to low 
voltage and BMS elements that operate and regulate all the HVAC system. This is the 
most important part of the whole system because it is responsible for all the other 
 

Conclusions 
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Design, installation, operation and human behaviour factors impact on the energy 
consumption of heating, cooling and ventilation systems for nZEB. The best solutions are 
always the ones that are self-sustainable, failsafe, easy to understand and control and 
have high level of reliability.  

The first step in successful completion of nZEB is to have high quality and integrated 
design. Designed systems must serve the specific building acknowledging the location, 
architectural design, premise usage type, available energy resources, etc. We 
recommend to perform analysis and energy calculations of various scenarios to find the 
one most suitable for given building, using such energy simulations as IDA-ICE, IESVE, 
Energy+, RIUSKA software. The main decision factors and equipment elements that allow 
to reduce the energy consumption during operation time are the chosen controllers.  

When the main heating system solutions and elements, like heating source, heating 
type and pipe layout has been chosen and most of the system calculated and designed it 
is important to foresee the correct type of balancing. The importance and benefits of 
heating system balancing influence energy consumption reductions is around 5-15%.  
Balancing valves can be divided in three subgroups: manual valves, combined automatic 
balancing valves or dynamic valves.  The most advanced solution would be to use 
dynamic balancing valves as they combine also the thermostatic radiator valves with the 
differential pressure controller for accurate temperature control and automatic hydronic 
balancing in a single product.  

After the design stage of all the systems and building, the building and installation of 
engineering networks can be started. It is important to show major influential group of 
installation mistakes: 

• the ones that cause some aesthetic displeasure or make the system elements 
hard to access, as inaccessible elements will not be maintained as needed and 
therefore can cause some problems in future.   

• the ones that can cause increased energy consumption of the designed systems 
and shortening of equipment serving lifetime. Deviations from design solution 
regarding air duct material or size or not respecting the manufacturer 
requirements for straight pipe/duct lengths before various elements.  

• mistakes can cause technical problems during exploitation of building and can 
be visibly detected.  

the installation mistakes can be related to low voltage and BMS elements that operate and 
regulate all the HVAC system. This is the most important part of the whole system 
because it is responsible for all the other built system elements. If it will be dysfunctional it 
can cause noticeable increase in energy consumption or decrease in comfort level. Also, it 
is harder to notice that something is not working as designed in low voltage or BMS 
systems in comparison to other HVAC system elements because usually there are no 
visual indicators. In most cases standard persons maybe has the general knowledge 
regarding the mechanical systems and can identify a problem if something is visually 
leaking, emitting high noise, moving suspiciously, or not heating/cooling/venting noticeably 
but if the problem is related to low voltage than rarely a person can identify it. For larger 
and more advanced buildings the BMS can be very complex with high amount of variable 
parameters that controls the mechanical parts and only highly qualified specialist can truly 
understand all the working algorithms 
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5. Important aspects of human thermal comfort in nZEB  

5.1. Introduction 

As technology has advanced, the increasing pressure on energy usage reduction and 

expectations of consumers regarding comfort have made the requirements posed on 

clothing and control of the indoor climate more demanding. The contemporary trends, 

such as flexible open plan or multi-use office and industrial spaces, entail the 

development of new concepts of heating, ventilation and air conditioning systems (HVAC) 

and new protective and functional apparel to ensure health and safety, while maintaining 

energy efficiency of the buildings and vehicles, and the well-being, thermal comfort and 

productivity of occupants. These goals, in turn, require advanced and reliable analytical 

methods that can faithfully relate to the human thermal behaviour and sensational 

perception. 

 

5.2. Thermal manikins as nowadays instrument to improve HVAC systems; 

 

Thermal manikins are the most realistic devices widely used for the assessment of 

heat and mass transfer from the human body to the environment. Their anatomic shape 

and ability to sweat and move provide experimental conditions that are closer to the real 

human. The presence of homogeneous and heterogeneous thickness of the air layers 

within the clothing system as well as the contact area influences noticeably the local heat, 

vapour and liquid exchange. They are able to measure not only thermal insulation and 

evaporative resistance of clothing systems but also provide information on dynamic 

changes in the clothing system, for example, due to presence of moisture, limb 

movements or thermally complex environments. [1] ( see Figure 5.1  The heat and mass 

transfer within the clothing system is a composition of a number of physical processes)  

 

 
Figure 5.1  The heat and mass transfer within the clothing system is a composition of a 

number of physical processes  [1] 
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Thermal manikins have proved to be helpful to assess the indoor air quality,  the 

spread of airborne particles, and also to calculate the human  environment heat transfer 

coefficients used in numerical simulations of indoor spaces with occupants. The role of 

the thermal manikin is to measure the resultant influence of the environmental conditions 

including radiant asymmetries, temporal and spatial changes of the local air movement 

around the manikin body, ambient temperature and its shifts as well as heat transfer 

through surface contact, e.g. with seat, furniture, floor or other objects. Depending on the 

choice of the coupling method either the surface temperature or the heat flux from the 

manikin are used as input parameters to the model. The measurement quality of these 

parameters depends on the calibration method as well as on the construction of the 

manikin. Surface temperature accuracy is related to the accuracy of the used reference 

sensors and their placement if the climatic chamber has a tendency to temperature 

stratification. To evaluate the quality of the new conditioning solution in terms of occupant 

satisfaction the thermal sensation and thermal comfort indices are being used. These 

models can be used at the design stage of the building and enable the assessment of the 

indoor environment for thermal sensation and comfort already at this early stage. [2] 

The control of the manikin parameters used in this type of analysis is typically based 

on the so-called ‘comfort mode', in which the surface temperature of the manikin is 

determined based on its heat loss according to the equation derived based on Fanger 's 

comfort criteria: 

Tskin = 36.4 − 0.054 × Qt, 

where Tskin is a resultant mean manikin surface (skin) temperature under thermal 

neutrality (°C) and Qt is the sensible heat loss from the manikin (W/m2). This method is a 

certain simplification and does not allow a full analysis of thermal dynamics occurring in 

the human body that is adjusting skin blood flow, metabolic heat production and sweating 

to maintain optimal body core temperature. [1,2] 

For example, there is experiment report’s data below, that would give impression of 

manikin’s utility. Applications of equivalent temperature based on the thermal manikin  for 

an underfloor air distribution system were shown. Equivalent temperature based on the 

thermal manikin  was shown to be a useful tool with whichto detect the effects of 

asymmetriesin heat sources and airflow. 

The nude thermal manikin in the sitting posture was exposed in the climatic 

chamberunder three operative temperatures. Heat losses from the whole body were 91.2 

W/m2 at an operative temperature of 19.8°C, 2 2 64.4 W/m at 24.8°C, and 37.7 W/m at 

29.7°C. Heat losses at the feet and hands were slightly greater than those at other parts. 

The combined heat transfer coefficient for the nude and sitting manikin was not affected 

by the exposure temperatures. The meanof the combinedheat transfer coefficients for the 

wholebody in the nude was 7.9 W/m°C. Whenthe radiative heat transfer coefficient for the 

humanbody (hr) was assumed to be 4.7 W/m2.°C, the convective heat transfer coefficient 

(hc) was estimated to be 3.2 W/m2. o C. The manikin was exposed in the climatic 

chamber in sitting and standing postures with clothing. Theheat losses from the whole 

body were 48.2 W/m2 for the sitting posture and 45.3 W/m2 for the standing posture. The 

total thermal resistance for the whole body was 0.189 m2C°/W (1.22 clo) for the sitting 

posture and 0.205 m2.°C/W(1.32 clo) for the standing posture. Thebasic clothing 
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insulation value of the tested clothing ensemblein the sitting (lcl) posture wascalculated to 

be 0.55 clo. [2] 

 

5.3. Thermal comfort  

5.3.1. Comfort zones for indoor occupants    

ASHRAE Standard 55 recommends comfort zones of 20-24 C  for winter clothing (1 

clo) and ~23.5-27 C  for summer clothing (0.5 clo) (0.1 m/s air velocity). 

Recommendations from EN15251 and ISO7730 are of similar nature.  Enhanced air 

speeds can stretch the summer limits to ~30 C . Since at typical indoor heating 

temperatures, air flow would just enhance heat loss from skin, convective heating is a lot 

less desirable and cannot extend winter comfort. 

 

Figure 5.2 A representation of the interconnection between different sections 

A reduction of clothing resistance by 0.1 clo corresponds to an increase of 0.8 C in 

operative temperature and vice versa. Unlike other similar options (having fans, windows, 

blinds, radiant heaters etc.), flexibility in occupant clothing is probably the only true ‘0’ cost 

option. Impact of prior exposure/ activity levels may last up to 1 h. Requirements 

presented regarding local thermal discomforts, from causes like draft, thermal asymmetry 

etc., are for occupants with clothing insulation less than 0.7 clo and activity level less than 

1.3 met. Above these levels, no local discomfort limits are prescribed. (see Figure 5.2 A 

representation of the interconnection between different sections) 

Draft sensitivity is greatest for portions of body without clothing head region 

(head, neck, and shoulders) and leg region (ankles, feet, and legs). At operative 

temperatures below 22.5 C, average air speed caused by building, fenestrations, and 

HVAC system should not exceed 0.2 m/s.  Requirements for thermal stratification are for 

situations where head is warmer than feet. Temperature differences in the other direction 

are rare and are also perceived favourably by occupants. Floor temperatures need to 

limited between 19 and 29 C. Around the comfort temperature determined on a particular 

day, for 80% occupant acceptability, a comfort zone width of ±3.5 or ±3 is allowed. [2,3] 

The human brain is more sensible to raise of the temperatures than any other 
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core organ. Face sweating was maintained even for dehydrated individuals so that the 

induced cooling can maintain brain temperature below deep body temperature. Under 

slightly warm conditions, facial cooling is a welcome relief while facial warming is 

perceived as a distress. The preference for a cooler brain may be used to justify the 

advantage of personalised comfort measures.  By cooling just the face/head, the upper 

limit of comfort temperature can be pushed to 30C and exercise work rate and duration 

can be improved, that explains why cool ceiling asymmetry can be much more than cool 

floor asymmetry. But excessive cooling of breathing zone must also be avoided. 

5.3.2. Spatial transients and thermoreception 

Types of temperature requirements, based on allowed breadth of indoor 

temperature variations, do not produce appreciably different results for occupant comfort 

and acceptability. They found that tighter control did not give appreciably better 

satisfaction, while being 12-30% more energy intensive. Average limits of occupant 

discontent in conditioned buildings is 19-26 C and for free running buildings with ceiling 

fans is 19.5-28 C. Within these limits, occupant acceptability is more or less unvarying, 

though dropping off sharply beyond the limits. So, there is no particular advantage in 

HVAC systems targeting a single “optimum” temperature. Indoor conditions maintained 

within narrow zones could gradually atrophy thermoregulatory ability and adaptive 

capacity of the occupants.  

Under static conditions, error signals from core temperature and mean skin 

temperature drive any thermoregulatory action while during transient episodes, the rate of 

change of skin temperature also plays a role. Latest researches showed Cold receptors 

are more abundant in the skin, while warm receptors are more numerous in the body 

core, making all cutaneous regions more sensitive to cool than warmth. Cutaneous cold 

receptors are closer to the skin surface and conduct information faster than the 

cutaneous warm receptors.  When subjected to a sequence of different thermal 

conditions, the response of people to a particular ambient significantly differed depending 

on the sequence of previous environments they had experienced. Thermal sensation and 

comfort ratings, during spatial transitions, often have an anticipatory effect and lead 

physiological responses. 

Some observations have shown that cooling overshoots may occur only for strong 

cooling steps (~5 C), while overshoots for upsteps can occur for sudden changes of 

moderate step size (~3 C). The initial overshoot in sensation could just be the perceived/ 

anticipated relief in thermal stress.  Moving from a hot to a warm room or a cold to a cool 

room may thus induce a neutral sensation. In a similar vein, people working in a location 

are likely to be less satisfied with their prevalent thermal environment, and have narrower 

thermal comfort zones, than people who are passing through, for example, staff vs 

passengers in an airport.  

Occupant adaptations have been categorized as physiological, behavioural, and 

psychological.  Head, chest, back, and calf are most sensitive to step-changes in 

temperature. In addition to depending on direction of the transition (even when the 
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magnitude is similar), responses also depend on magnitude of the step change and 

magnitude of the starting temperature [4].  

Down-steps may result in greater changes in sensation than up-steps. The 

subjective ratings of comfort and sensation also stabilise faster than physiological 

parameters (like skin temperature or skin blood flow). Certain physiological responses like 

skin temperature and heart rate variability (HRV) can be more sensitive to down steps. [5] 

During activity, blood flow to skeletal muscles rises as activity level increases. But 

when the activity has to come to a sudden halt, blood flow levels fall off quickly leaving 

the heat trapped in these large muscles, which are slow-responding thermal masses. This 

has implications regarding local cooling requirements (focusing on limbs, where most of 

the large skeletal muscles are concentrated) for individuals who come to work by cycling/ 

walking.  

During transition time of 20-30 min, the individual is adjusting to the new conditions, 

both physiologically and mentally. Spaces through which transitions last shorter than this 

duration, could do with relaxed set-point controls. (see Figure 5.3 Relaxed thermal 

comfort requirements for transition spaces) Areas like lobbies, hallways etc., in typical 

commercial buildings, are examples of such transitional spaces. Having transition spaces 

at an intermediate temperature can also help reduce the physical distress of transiting 

directly between a conditioned building and the outdoors. To avoid overwhelming 

burdening of thermoregulatory system, the magnitude of step changes from main area to 

transition spaces may be limited to ±3C. 

 

 

Figure 5.3 Relaxed thermal comfort requirements for transition spaces 

The range of cyclic temperature deviation perceived as tolerable by occupants 

reduces with the frequency of those cycles. Cyclic variations are acceptable where air 

temperature variations are 3.3 K/hour or smaller and the peak to peak variation 

magnitude is less than 3.3 K. Greater variations are unacceptable even when within the 

comfort zone. For temperature change rates of 4 K/hour, have reported only non-

significant changes in such physiological parameters as blood pressure, heart rate, and 

core temperature. One of the methods suggested for energy savings in intermittent 
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occupancy situations like offices is to let the cooling set point temperature drift towards 

end of occupancy period. It was found that allowing the space temperature to drift to 27 

C after 3 p.m. does not adversely affect occupant comfort. Small drifts of temperature 

towards day end may not be noticed by occupants for around 4 h. Before occupants 

respond to such drifts, if the HVAC system initiates a corrective drift back to neutral 

conditions, a positive comfort response could be elicited from occupants. Such positive 

response may be attributed to a feeling of spatial alliesthesia [6]. 

5.3.3. Circadian rhythm   

Circadian rhythm of core temperature in human beings is internalized and heat 

generation in the body coacts with heat loss mechanisms to ensure this rhythm, even 

without variations in activity level due to sleep-wake cycle. Mean oral temperature of 

human beings is close to 36.8  C with diurnal variations of 1C, a nadir around 4 a.m. and 

the zenith between 4 and 6 p.m. in the evening. During periods of declining core 

temperature, average skin temperature increases to aid heat loss. Circadian rhythm of 

heat production, core temperature, and heat loss are out of phase with each other and 

this helps with sustaining the diurnal variation, with primary contribution coming from heat 

loss rhythm.  

The core temperature increases while heat production is more than heat loss, and 

vice-versa. Building occupants are thus in a “heat gain” mode in the morning (as the core 

temperature climbs) and in a “heat loss” mode in the evening. Subjective thermal 

sensations and behavioural responses have also been reported to have a circadian 

rhythm  with minima pre-noon and maxima during late evening. This can lead to an 

warmer preferred ambient temperature during afternoon, compared to morning (by about 

1.5C) , minimally dressed subjects choosing to dress quicker and in thicker clothing 

during morning than in evening  etc. The temperature in immediate vicinity of occupants 

can be 0.5-1.5 Cº lower than the room's average temperature. This would impact 

individual evaluation of a common work place. Local non-uniformities can also result from 

occupant posture and clothing ensemble. As radiant heat transfer is dependent on 

orientation and view factors, spatial arrangement of heat sources impacts the 

performance of radiant systems . Similar magnitudes of radiant asymmetry have a greater 

impact on thermal sensation when frontal in nature than when side wise. [5] 

Taking of food or drinks is a ‘non-gadget’ means of personal control. Consuming 

hot or cool food items/drinks can have a considerable impact on body temperature, 

especially as the impact on core temperature can be direct.  Digesting food increases 

metabolism to an extent such that core temperature can rise by ~0.01 C per ~160 kcal of 

food consumed.  This is apart from the effect of the food's own temperature.  Consuming 

an ice cream or a can of cold-drink can have an average cooling effect of ~12-14 W over 

an hour and a portion of soup could have a warming effect of ~13 W over an hour.  For a 

person engaged in standard office activity, this could mean nearly 10% of their metabolic 

rate. It has been reported that ingestion cool food/drink in intermittent steps can have 

better efficacy than one time bulk consumption. As conditions get warmer/cooler, 

occupants may increase their consumption rate of such food/drinks to retain their comfort 
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levels. Availability of occupant control forms an intricate linkage between personalised 

comfort systems and human psychology. 

5.3.4. Non-uniformities of the human body 

Relative contributions of different portions of the body to thermoregulatory effect is 

often debated.  As a gross estimate, skin surface, deep abdominal and thoracic tissues, 

spinal cord, hypothalamus, and other portions of the brain each contribute roughly 20% to 

control of autonomic thermoregulatory defences while behavioural defences may have a 

much higher contribution from value of skin temperature. Skin temperature contribution to 

thermoregulation is usually expressed in terms of a weighted mean skin temperature.  

Due to the differential distribution of receptors, the thermal sensitivity of different body 

parts, as fraction of whole-body sensation were documented to be: 0.21 for face, 0.21 for 

chest and back, 0.17 for abdomen, 0.15 for upper legs, 0.08 for lower legs, 0.12 for upper 

arms, and 0.06 for lower arms. 

In a thermally neutral ambient, preferred local skin temperatures and width of 

comfort zone vary with body parts, for both genders, with width being wider for males. 

Certain body parts are particularly suited for exchanging heat with the ambient and this 

may be inferred from their structure: high surface-to-volume ratio, lack of hair, high 

density of cutaneous blood vessels, presence of arteriovenous anastomoses. Our limbs, 

for example, account for nearly 50% of body's skin surface area.  

One of the arguments in favour of personalised thermal comfort arrangements is 

the wide variations in individual physiology. Oral, rectal, tympanic, and mean skin 

temperature can vary by as much as 0.5, 0.8 and 1ºC, respectively, across individuals. 

The influential individual parameters are: fat mass, body surface area (BSA) to body 

mass ratio, maxVO2 consumption, sweat rates, and heart rate. It is a common 

observation that the ability to thermoregulate reduces with age and reduced fitness; 

increase of illness and disabilities may be an important reason for this. The elderly have 

reduced responses in terms of sweat output, skin blood flow, and cardiac output volume 

to heat stress, reduced muscle mass and oxygen consumption, leading to lowering of 

basal metabolic rate (BMR), thermoreceptor sensitivity, and compromised ability to 

discriminate temperature sensations. If the effects of fitness level, body compositions, 

and chronic diseases are accounted for, it would seem that heat tolerance is minimally 

affected by just the chronological age. Reduced functionality of autonomic 

thermoregulation in face of cold exposure may lead the elderly to rely more on 

behavioural defences, like, seeking higher heating set points. Such behaviour may 

account for higher heating energy consumption in residences elderly residents. In terms 

of physiological differences, women have lower body mass, lower BSA, a lower BMR/BSA 

ratio and higher BSA/body mass ratio (implying a lower heat generation to heat loss 

surface area ratio), thicker subcutaneous fat, a slightly higher normal temperature, higher 

sweating and vasomotion thresholds, lower sweat rates, a higher core set-point during 

luteal phase, greater insulation when vasoconstricted, and lower exercise capacity. In 

warmer and more humid environments, female subjects prefer higher air velocity than 

their male counterparts. Females prefer higher room temperatures, by about 1.2-3 
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Cº.Among a population of office workers, up to 9% could have neutral temperatures 

differing by 2  Cº from the mean value and about 40% could have differences of 1  Cº. 

These differences continue to be a major argument in favour of more personalised 

thermal comfort design for indoors.[6] 

5.3.5.  Alliesthesia 

Alliesthesia, as a term, was coined by Michel Cabanac, using the Greek words 

esthesia (meaning ‘sensation’) and allios (meaning ‘changed’). Any thermal environment 

has a descriptive part (sensation, intensity) and an affective part (pleasure, comfort), 

which are independent of each other. While the descriptive part remains unchanged, the 

affective part depends on the ability of a stimulus to help the body to return to its ‘normal’ 

thermal state. Both these parts can be important for the decision-making process. They 

are processed in different parts of the brain and are processed simultaneously. Being 

processed in different parts of the brain leads to the advantage that while a certain 

sensation (warmth or coolth) may not be pleasurable for the being at the very instant, 

there is significant advantage in remembering what the stimulus is, especially if it may be 

used later, e.g., warm/cool parts of a residence. [4,7] 

The preferred thermal sensation depends on mean skin temperature and core 

temperature. As an example in the Figure 5.4. see Preferred thermal sensation, 

dependent upon body conditions , the comfort and warmth perception of warm, hand-held 

electronic devices differs with the ambient conditions. [4] 

 

Figure 5.4. Preferred thermal sensation, dependent upon body conditions [3] 

Alliesthesia helps explain certain aspects of comfort under transient conditions, like 

the anticipatory effect on sensation and comfort following moving from one set of thermal 

conditions to another.  It also provides pointers regarding indoor conditions and 

operational strategy that can be more comfortable to occupants, like the corrective drift 

from HVAC systems. [3, 7] 
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5.3.6. Trend for green buildings 

The better understanding of human thermal comfort requirements, can assist and drive 
the progress of comfortable buildings, with better occupant satisfaction and yet lower 
energy consumption. The potential for creating an indoor environment with greater 
diversity in its character, that could enhance subjective acceptance of occupants and help 
save energy. There are also aspects of differences in individual physiology which would 
advocate for more personalised environments and more personal control to extend the 
realm of thermal comfort to all. Control options improve thermal comfort, visual comfort, 
overall satisfaction, productivity, and can even reduce incidences of SBS/building related 
illness symptoms in offices.  Environments where occupants believe they have more 
control, have better comfort ratings under similar temperatures d homes better than 
offices and offices better than climatic chambers.  Just the awareness of having control 
options/adaptive avenues, can aid psychological adaptation and improve satisfaction.  
Adjustments at a personal level to clothing or just accepting the condition d is often 
preferred by office occupants over adjusting the thermostat, even when such an option is 
available. People who are frequently having to resort to environmental controls may be 
the most dissatisfied with the thermal environment's state. But they do want the idea of 
control d to be used when BMS is not functioning properly or some discomfort turns up. It 
could be most beneficial to have the automated building systems playing the role of an 
observer, who allows for manual manipulations but also has the capability of set-back, in 
small steps. While providing occupants with personalised systems, it also makes sense to 
have some form of communication between these personal systems and the overall 
conditioning system of the building.  

This would let the two mechanisms work in synergy, towards improving comfort and 
saving energy, instead of working against each other and increasing energy needs. 

Conclusions 

The contemporary trends, such as flexible open plan or multi-use office and 
industrial spaces, entail the development of new concepts of heating, ventilation and air 
conditioning systems (HVAC) and new protective and functional apparel to ensure health 
and safety, while maintaining energy efficiency of the buildings and vehicles, and the well-
being, thermal comfort and productivity of occupants. 

Thermal manikins are the most realistic devices widely used for the assessment of 
heat and mass transfer from the human body to the environment. Thermal manikins have 
proved to be helpful to assess the indoor air quality,  the spread of airborne particles, and 
also to calculate the human  environment heat transfer coefficients used in numerical 
simulations of indoor spaces with occupants.  

One of the arguments in favour of personalised thermal comfort arrangements is 
the wide variations in individual physiology. The influential individual parameters are: fat 
mass, body surface area (BSA) to body mass ratio, maxVO2 consumption, sweat rates, 
and heart rate. It is a common observation that the ability to thermoregulate reduces with 
age and reduced fitness; increase of illness and disabilities may be an important reason 
for this.  

The elderly have reduced responses in terms of sweat output, skin blood flow, and 
cardiac output volume to heat stress, reduced muscle mass and oxygen consumption, 
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leading to lowering of basal metabolic rate (BMR), thermoreceptor sensitivity, and 
compromised ability to discriminate temperature sensations.  

Among a population of office workers, in warmer and more humid environments, 
female subjects prefer higher air velocity than their male counterparts. Females prefer 
higher room temperatures, by about 1.2-3 Cº; up to 9% could have neutral temperatures 
differing by 2  Cº from the mean value and about 40% could have differences of 1  Cº.  

During activity, blood flow to skeletal muscles rises as activity level increases. But 
when the activity has to come to a sudden halt, blood flow levels fall off quickly leaving 
the heat trapped in these large muscles, which are slow-responding thermal masses.  
During transition time of 20-30 min, the individual is adjusting to the new conditions, both 
physiologically and mentally. Spaces through which transitions last shorter than this 
duration, could do with relaxed set-point controls, to avoid overwhelming burdening of 
thermoregulatory system, the magnitude of step changes from main area to transition 

spaces may be limited to ±3C. 

The range of cyclic temperature deviation perceived as tolerable by occupants 
reduces with the frequency of those cycles. One of the methods suggested for energy 
savings in intermittent occupancy situations like offices is to let the cooling set point 
temperature drift towards end of occupancy period.  
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6. The quality of living environment and the sustainability of building 

structures 

6.1. Introduction 

Many people living in urban areas spend more than 90% of their life time in indoor 

circumstance, where they can be exposed to up to five-time higher pollution. Poor indoor 

environment quality can reduce not only quality of life and productivity, but it also can cause wide 

range of diseases [1]. Nowadays, creating comfortable conditions with acceptable level of indoor 

air quality (IAQ) in buildings is one of the most important target that asks about 40% of total used 

energy [2]. However, rising concerns about the environment – climate change related to 

greenhouse gas emissions (according to Kyoto Protocol, Paris Agreement) – and the increasing 

cost of energy result in the need to remarkably reduce energy consumption.  

In practice, energy saving, according to obligations of legislation relating to nearly Zero 

Energy Buildings (nZEB) (European Directives 2002/91/EC and 2010/31/EU), is mainly carried out 

by further improvement of the building thermal performance using different ‘passive’ means: 

reducing thermal transmittance and air permeability of the envelope, i.e., by using considerable 

thickness of insulation and high-performance glazes components. These ‘passive’ measures also 

include more efficient heating (or cooling) and ventilation systems, e.g., the use of earth-air heat 

exchangers to pre-heat or pre-cool building ventilation air [2, 3]. 

These various methods can determine new ways of heat and moisture exchange in the 

building envelope [3, 4]. The airtightness of the internal environment, if it is not properly managed 

with suitable ventilation strategy, may lead to poor IAQ, including high internal moisture load that 

decrease thermal and respiratory comfort and can cause favourable circumstances for mould 

development [3, 5]. Internal moisture comes from a wide range of sources: occupant respiration 

and perspiration, bathing and showering, cleaning, cooking, plants. In addition, the change of 

temperature in rooms can result in temporary high air humidity. For single-family houses the 

internal moisture can reach 23 l per day [6]. Consequently, despite the fact that over the past 

decades building energy efficiency has improved, the number of reports on the presence of 

microorganisms indoor is still increasing. At the same time, however, there is still lack of information 

on the relationship between nZEB and the microbiological contamination. It is the reason why the 

problems regard to maintaining of appropriate IAQ in nowadays buildings, especially in nZEB, still 

requires persistent attention and further investigations. The proliferation of microorganisms in 

buildings is not welcomed not only because of the implications for human health, but also because 

of their contribution to the defacement and biodeterioration of building materials [3]. 

6.2. Risk of development of microbiological contamination 

The life on the Earth would not be possible without microorganisms (e.g. fungi, bacteria) as 

they are important components of our ecosystem. These ubiquitous organisms are responsible for 

the decomposition of dead organic materials, splitting them up into their components and, thereby, 

giving them a new access to a further life cycle [7]. Although, microorganisms are omnipresent in 

indoor environment and on/in building materials, their proliferation should not be permitted. The 

most critical factors for mould fungi development are the moisture level and temperature conditions 

on the material surface as well as the substrate type and exposure time (Fig. 6.1). 

Moisture is key factor limiting mould growth. The most important parameters that 

characterize the degree of humidity are following: water activity (aw) – characterizes the amount of 

free water available to microorganisms; relative humidity of the air (aw × 100 = % relative humidity 

(RH)) and also the moisture content of the materials [8]. In different researches, RH threshold, the 
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most often mentioned, which must not be exceeded to prevent the mould growth, is 70 – 75 %. 

However, there are also mould fungi that can proliferate, if RH is only 62 – 65% [9]. For the most 

of these microorganisms the optimum RH is 96 – 98%. Relative humidity, what is required to spore 

germination, is usually slightly higher than what is necessary for the growth of mycelium. In turn, 

the moisture content of the substrate itself should be over 20% to favour fungal growth. As fungi 

cannot use humidity that is accumulated deeper in the substrate, therefore, the moisture condition 

directly on the surface of the material is crucial [10, 11]. 

 

Figure 6.1. Qualitative 
assessment of the 

growth conditions for 
mould fungi in 

dependence on various 
influence factors.  

Growth probability:  
0 – no growth;  

1 – optimal growth [7]  

 

According to moisture requirements, mould fungi can be grouped into as follows: 

• primary colonisers capable of growth at aw < 0.8, including such xerophytes as Wallemia, 

Penicillium, Aspergillus and Eurotium; 

• secondary colonisers capable of growth at 0.8 < aw < 0.9, mostly including species of the 

phylloplanes: Cladosporium, Phoma, Ulocladium and Alternaria; 

• tertiary colonisers, demanding aw > 0.9, including such hydrophytes as: Stachybotrys, 

Chaetomium, Trichoderma, Auraeobasidium as well as actinomycetes and other bacteria 

[11, 12]. 

Moulds have adapted to a very wide range of temperatures: from 0 to 50 °C, while the 

optimum temperature for development is from 20 to 35 °C. But, it is known that several fungi also 

can grow under more extreme conditions, e.g., at -5 to -7 °C and at 55 °C. Meanwhile, the minimum 

temperature must be above 0 °C to ensure spore germination [13]. 

Nutrients are also necessary for proliferation of fungi. However, mould fungi are very modest 

organisms, and they often have enough negligible amount of organic matter (soot, pollen, human 

and animal skin particles, etc.) that has been deposited in dust on different surfaces [14]. They 

prefer simple feed substrates – sugars, amino acids etc., however, they can use complex organic 

compounds as nutrients, such as starch, cellulose, lignin, etc. Stone-based, inorganic materials 

(concrete, bricks, etc.) do not contribute to the development of mould. In turn, such widely used 

building materials as timber and their products provide fungi plentifully with the necessary nutrients 
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(Fig. 6.2). These materials are also hygroscopic, what also helps to create more favourable 

environment for the development of microorganisms [13]. 

 

  

Figure 6.2. Response of some building material to mould growth at RH 97%/20 °C (left) and  

RH 90%/20 °C (right) [13] 

 

However, for mould development on wood surfaces suitable conditions have to be there. The 

researches show that the lower limit for fungal growth on wood, wood composites and strach-

containing materials were: 

78 – 80% RH at 20 – 25 °C,  

80 – 90% RH at 10 °C, 

>90% at 5 °C (Figure 6.3.A) [13, 15]. 

Whilst for the decay development, the humidity conditions should be much higher than that for 

mould growth – the critical RH > 95% (Figure 6.3.B). Time period, what is necessary for decay 

development, is also significantly longer than that for development of mould [13].  

 

 

Figure 6.3. Critical humidity (RH%), time (weeks/months) and temperature needed to start 

mould growth on pine sapwood (A) and early stage for brown rot development (B) in pine 

sapwood.  

Both figures are modeled, not measured [13] 

 

In Latvia the most common mould and bluestain fungi, what are found on timber materials in 

damp buildings, are shown in Table 6.1 and Figure 6.4. Regarding to decay – brown-rot damage 

is found more frequently (78.1%) than the white-rot (21.9%). This can be explained by the fact that 

the coniferous trees (pine, spruce) are used more widely in Latvia and brown-rot are mainly 

A B 
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detected in this type of timber, while white-rot fungi infect more the hard-wood (deciduous tree 

timber) materials [16]. 

 

Table 6.1. Moulds and bluestain fungi in damp buildings [16] 

Fungus Localization of infection 

Aspergillus roof rafters, veneer ceiling 

Aureobasidium veneer ceiling, roof construction 

Chaetomium OSB plates 

Cladosporium roof construction, wood platform, wallpaper, beams, boards 

Graphium roof construction 

Ophiostoma roof construction, floor beams, log house walls 

Penicillium beams, wallpaper, wood ceiling and walls, roof, wood laths 

Trichoderma beams, roof construction, floor beams, log house walls 

 

 

Figure 6.4. Frequency of moulds and bluestain fungi on building materials [16] 

 

As already mentioned, the time is also very significant component for fungi development. It 

is important for how long time the environment and materials are exposed to high humidity. If the 

room is exposed to very high RH (95%) only for a few hours, while the rest of the time RH is less 

than 75% – it is not enough to provide development of fungi [13]. In turn, to provide spore 

germination, there is required for several days under the suitable humid conditions [10]. Under 

fluctuating moisture conditions, the development of fungi occurs slower than in constant favourable 

moisture conditions. If the relative humidity of the substrate is changed periodically, it is important 

how long the periods of high and low humidity are, and how fast the material can dry out. The 
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longer the moisture periods and the slower drying process – they both contribute the development 

of fungi [10, 13]. 

It should be noted that, usually, conditions for fungal growth are not ideal and their 

development is determined by complex combination of various factors. For example, the 

accumulation of dirt and dust on the material surfaces (also on stone-based, inorganic materials) 

increases their hygroscopicity, which is a contributing factor to mould fungi development. Thereby, 

for the construction materials that are covered with dust, soil particles and other dirt, mould fungi 

can begin to develop at lower moisture content than on clean building materials [10, 13]. 

6.3. Requirements for the indoor climate quality 

According to Law and regulations of EU, there is reference to recommendations, made by 

World Health Organization, Regional Office for Europe (2000),regarding to different chemical 

pollutants (e.g. carbon monoxide, nitrogen dioxide, ozone etc.), including volatile organic 

compounds (VOC) (e.g. formaldehyde, toluene etc.) in indoor air: “Air Quality Guidelines for 

Europe” [17, 18]. This organisation has also prepared material: “Dampness and Mould” (2009) for 

indoor conditions [19]. However, there is not any direct information regarding to permissible level 

or quantitative thresholds of microbiological contamination as the results obtained in numerous 

studies vary widely and it is often impossible to establish the statistically significant relationship 

among relative moisture level, microbial contamination indoors and their negative health effects. It 

is only pointed out that if problem with moisture and mould development is aroused, it should be 

eliminated. 

As water is the key factor for possibility of mould development indoors, the RH has one of 

major parameter to describe the room climate, the European Standard EN 15251 prescribes the 

guidelines for RH in indoor environment. The Table 6.2 presents the levels of RH set down in EN 

15251.  

 

Table 6.2. Relative humidity indoors according to Standard EN 15251 

Category 
Relative humidity 

(%) 

I 
High level of expectation – for spaces occupied by very sensitive 

and fragile people 
30 - 50 

II Normal level of expectation – for new buildings and renovations 25 - 60 

III Moderate level of expectation – used for existing buildings 20 - 70 

IV 
Values outside the criteria for the above categories – accepted for 

a limited part of the year 
<20 or >70 

 

In Latvia, there are the regulations regarding to indoor temperature and humidity in both 
living- and work-places: 

 The Regulations No 340 (30.06.2015) of the Cabinet of Ministers of Latvia  

The Regulations on the Construction Standard of Latvia LBN 211-15  

"Residential buildings" [20]: 

indoor air RH – 55%, 
temperature  – 18 – 25 °C. 

 The Regulations No 359 (28.04.2009) of the Cabinet of Ministers of Latvia Labour Protection 

Requirements in Workplaces [21]: 
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The Requirements for indoor microclimate if the work does not involve physical effort or requires 

very little or little physical effort are presented in Table 6.3. 

 
Table 6.3. Requirements for indoor microclimate according to the Regulations No 359 of 

the Cabinet of Ministers of Latvia 

Annual period Temperature (°C) Relative humidity (%) 

The cold season 
(average outside temperature ≤ + 10 °C) 

19 – 25 30 – 70 

The warm season 
(average outside temperature ≥ + 10 °C) 

20 – 28 30 – 70 

 

High humidity level can favour the development of house dust mites, too. Hart [23] and 
Korsgaard [24] have found larger house dust mites populations when the absolute indoor air 
humidity has been above 7g/kg (RH 45% at +20 °C). Arlian et al. [25] has observed the effective 
restriction of dust mite growth with the maintenance of mean daily RH of below 50%. 

The main health risks, associated with poor IAQ, are based on RH level and concentration 
of VOC [26]. In order to provide a comfortable and healthy room climate, attention should be paid 
to the correct application of all elements that lead to minimisation of mould risk and of VOC 
concentration in buildings. 

6.4. Use of moisture buffering materials 

Selected materials for building, especially insulation – as one of the key element of the 
building envelope – and interior finishing materials, play pivotal role and can affect IAQ noticeably. 
In last few decades, many investigations have been focused on a promising strategy related to the 
use of “moisture buffering” materials. The “moisture buffering” effect is known as the capacity of 
the interior finishing and furnishing materials to moderate indoor humidity in buildings, thanks to 
their hygroscopic ability. Moisture buffering materials are able to adsorb and desorb moisture from 
the adjacent air and can be used to control indoor humidity variations without additional energy 
costs [27 - 29]. 

Building materials with high moisture buffering capacity are e.g. (Fig. 6.5):  

 unfired clay masonry bricks [29, 30], 

 clay plasters [29], 

 unsealed ceramic tiles [31], 

 wood panels (e.g. pine along the grain) [5], 

 different natural insulation materials [5, 26]. 

The Table 6.4 presents a summary of the moisture capacities of different building materials 

determined in the researches carried out by Salonvaara et al. [5] during the 8-hour period of wetting 

and 16-hour period of drying. 

6.5. Natural insulation materials 

Nowadays, specialists of building industry, mowing toward sustainable and environmentally 

friendly construction, advise to replace insulation material, that are manufactured from non-

renewable either mineral or petro-chemical resources, with renewable, low-embodied energy 

materials of natural origins. Another trend in the building industry is to assess the applicability of 

“breathing” walls or “vapour open” walls that are hygroscopic active and not require vapour barriers 

[32]. Vapour-open constructions based on the right choice of layers and their order within the multi-

layer system: the most vapour open materials should be placed as the outer insulation layer; the 

inner side should be more damp-proof [26]. In both these cases natural fibre insulation materials 

give a great contribution but further investigations and testing are necessary in practical situations. 
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A 

 

B 

 

C 

 

Figure 6.5. Examples of the building materials with high moisture buffering capacity:  

A – unsealed ceramic tiles; B – unfired clay masonry bricks; C – wood panels (along 

the grain) 

 

Table 6.4. Measured change in the mass of moisture during the 8 hour wetting 

period and 16 hour drying period in 50/23% RH and 75/50% RH tests [5] 

Case 
Change in mass of moisture, g/m2 

Wetting in 8 h Drying in 16 h 

Wood, pine, smooth surface, against the grains 12 10 

– ”  –  @ 75/50% RH  22 16 

Wood, pine, along the grains  90 70 

Gypsum, painted twice  <1 0 

Gypsum, unpainted  12 12 

Porous wood fiberboard  45 45 

– ”  –  @ 75/50% RH  36 32 

Gypsum, unpainted + mineral wool insulation  16 15 

Gypsum, unpainted + cellulose fiber insulation 24 20 

 

The technical performance of many renewable insulation materials (e.g., cellulose, wood 

fibre, hemp, sheep’s wool, flax wool) is comparable to that of the mineral or fossil insulation material 

(e.g., glass wool, rick wool, polyurethane, polystyrene) (Tab. 6.4) in such benchmarks as thermal 

conductivity, sound-reducing. The microbiological risks associated with bio-based building 

materials can be diminished through the addition  of natural anti-fungal agents. Likewise, 

fireproof salts reduce the flammability of these materials to the legally required level. Boron salt or 

ammonium phosphate is usually applied to insulation materials based on flax, cellulose or wood 

fibres to decrease its inflammability and increases mould resistance. Labels on materials provide 

information about the level of certification [26]. Problems with microbiological contamination and 

flammability can be resolved in different ways accordingly to properties of each material. 

Bio-based insulation materials are very different regarding source materials; however, most 

of them (e.g., hemp, flax, wood fibre, sheep’s wool) have some common unique properties 

providing higher living comfort:  

– high moisture buffering capacity (without influencing the insulation value of the product) 

that can help to ensure more stable and moderate RH; 
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– high heat storage capacity that can help to avoid room overheating during the summer 

[16]. 

There are also some exceptions – e.g., cork and reed conduct moisture, but they have low moisture 
accumulating potential.  

 

Table 6.5. Insulation at a glance [26] 

 

Used symbols: λ – thermal conductivity, ρ – density, μ – vapour diffusion resistance factor,  
c – specific heat capacity, Fire class – European fire class system according to DIN 4102.  

 

Some insulation materials of natural origin can accumulate moisture to up 30% of their 

weight, while insulation materials of fossil or mineral origin only show a fraction of this moisture 

accumulating ability. Holcroft and Shea [33] have compared the moisture accumulating potential 

of three building materials of natural origin (hempcrete, hemp fibre and sheep wool) with what of 

glass wool, either in combination with or without plaster (Fig. 6.6). The materials have been 

exposed to increasing and decreasing RH over periods of 12 hours. The RH has varied between 

53 and 75%. Hempcrete appeared to show the largest moisture buffering capacity, twice as large 

as that of hemp fibre and sheep wool. However, plastering greatly reduced the moisture capacity, 

by 50 – 60%. The results highlighted the importance of using finishing materials with good moisture 

accumulating and/or conducting potential.  

The results of the studies showed that the hygric properties of the different hemp insulation 

materials also can vary widely depending on their constituents and fibrous structure. These 

differences potentially can influence their hygrothermal performance as a part of a building thermal 

envelope (Tab.6.6, Fig.6.6). It was found that the highest moisture buffer value MBVpractical was 

achieved for Hemp-2 followed by Hemp-5, while Hemp-4 showed the lowest value [34]. 

Another important performance indicator is high specific heat capacity (Tab. 6.5). This 

property can be beneficial in buffering indoor temperature – during the summer it can reduce the 

need for cooling. For instance, during the summer the peak temperature outdoors usually occurs 

at around 2 pm, but with a 20 cm thick insulation layer, the indoor temperature peak can be shift 
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to 8 pm, at which time the outdoor air has cooled down and ventilation and cooling can be achieved 

by opening windows [26]. 

 

 

Figure 6.6. Moisture absorbtion capacity of natural insulation materials, with and without 

finishing materials (plaster), compared with that of glass wool [23] 

 

Table 6.6. Summary of the hemp insulation properties [43] 

Materials 

Measured 
mean 

density 
(Kg/m3) 

Measured 
mean 

thickness 
(mm) 

Constituents 

Declared 
specific 

heat 
capacity 
(J/kg.K) 

Declared 
dry thermal 
conductivity 

(W/m.K) 

Hemp-1  55 48 
30% hemp fibre, 60% wood 
fibre, 10% polyester 

1700 0.038 

Hemp-2  50 55 
85% hemp fibres, 10-12% bi-
component fibres and 3-5% 
soda 

1600 0.038 

Hemp-3  60 47 

70% hemp fibres, 15% hemp 
shive, 8% mmonium 
phosphate, 7% polyolefin 
fibres  

1700 0.043 

Hemp-4  39 45 
95% hemp fibres and  
5% combination recycled 
adhesive binder 

1700 0.039 

Hemp-5  45 57 

35% hemp fibre, 35% 
recovered waste cotton fibre, 
15% bi-component polyester 
fibre and 15% fire retardant 

1700 0.039 

 

Some bio-based insulation materials have individual unique characteristics: 

 Neptune grass (Posidonia oceanica) has natural resistance to moulds, is free from 

vermin and non-flammable (code B2) – it could be associated with high titre of silicic 

acid in this material [26]. 

 sheep wool has an air purification effect (Fig. 6.7.) – it neutralizes indoor air pollution 

such as VOC (found in paints, varnishes, adhesives, glues, binders, hot fat and 

disinfectants etc.), ozone, nitrogen oxides and sulphur dioxide etc., because of property 

of proteins (keratin) in sheep wool to bind permanently these toxic organic compounds 

that are later destroyed [36 – 38]. 
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There is still a lot of discussions on the use of natural insulation materials in the vapour-open 

building envelope. Many participants in this discussion refer to the risks of moisture accumulating 

and condensing within building envelope insulation layers. This 

 

Figure 6.6. Practical moisture 

buffer value of the different hemp 

insulation materials [34]  
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Figure 6.7. Property of sheep wool to minimising harmful substances [35] 

 

would lead to mould growth and associated problems [26, 32]. However, the results from same 
researches show that the moisture content inside a vapour open wall can be better managed [5, 
39, 40], while the use of a vapour barrier can result in high interior RH, large oscillations in the 
interior RH and excessive moisture load on the construction. This importance of vapour 
permeability of building envelope is well presented in the research what has been carried out by 
Mlakar and Štrancar [39]. There have been compared three different lightweight test passive 
houses (A – cellulose insulation, no vapour barrier (with vapour retarder); B – wood-fibre board 
insulation, no vapour barrier (with vapour retarder); C – mineral wool insulation, with vapour barrier) 
and the related temperature and RH pattern. The humidity conditions have been provided by 
humidifiers to humidify all the houses for 1 h/day to imitate rooms in real houses. After 10 days of 
the experiment, the results showed that the RH in A and B houses (with natural insulation material, 
no vapour barrier) has increased only about 5%, while in C house (mineral wool, with vapour 
barrier) the increase has been about 30%. It clearly demonstrates how vapour barrier has 
prevented any vapour exchange with the outdoors, so all produced vapour has remained in the 
house. In addition, mineral wool as non-hygroscopic material could not balance variations of 
internal RH. In a real situation, this would mean that an excess of water vapour should be removed 
with ventilation, which would increase energy consumption [3]. 

It is apparently that there is some gap of the investigation results in this field, and it could be 
helpful to get more data from practice studies in real climate conditions. It is to be also assessed, 
how much area of moisture buffering material needs to be installed for different building types. This 
will allow an optimization of building energy use and comfort conditions under an economical point 
of view [31]. 

So, the multi-functionality of natural fibre insulations is a major benefit of these products: 

 a positive effect on human health related to improvement of IAQ threatened by pollutants 
and contaminants; 

 a positive effect on living comfort: 
o the high moisture absorption capacity of bio-based building materials can stabilise 

RH indoors, 
o the use of bio-based materials in walls and ceilings can provide sound insulation 

and thus decrease noise nuisance, while improving acoustics; 
 a positive effect on energy use – this would be associated with: 

o the insulation value of bio-based materials, 
o improved heat absorption capacity and thereby increased heat buffering, resulting 

in a decrease in energy use; 
 a positive effect on the ecological sustainability of constructions related to carbon 

sequestration and less energy use during the production process [26].  

There are some examples of bio-based insulation materials that could be used for building 

construction. 

I. Sheep wool 

Characteristics of sheep wool isolation: 

 has a high moisture buffering capacity (one of the most hygroscopic natural fibres) – wool 
can absorb water up to 33% of its own weight – bind it inside the fibres – and release to the 
environment if it is required without changes in thermal conductivity properties; so, the 
insulating ability of sheep's wool remains even in moist condition – thanks to high air lock in 
the wool fibres; 

 neutralize wide range of  indoor air pollution  (VOC, ozone, nitrogen oxides etc.);  

 the absorption of moisture generates warmth – so, the cooling process is retarded 
considerably; 
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 sheep wool fibres as a protein fibre – does not form a breeding ground for mould, therefore, 
it is protected against mould by its very nature; 

 surface of sheep wool has hydrophobic (water-repellent) properties; 

 excellent sound absorption values; 

 exceptional long-term elasticity and stability ; 

 low flammability; flammability class E = B1 (self-ignition temperature of approximately 560 
°C, with wood about 270 °C); 

 no formation of toxic compounds in case of fire [25, 36]; 

 does not settle – the naturally occurring “pliable memory” of wool fibres eliminates settling; 
wool also actually expands to fill every space completely, while many loose insulation (e.g. 
cellulose) settle over time, resulting in air gaps that seriously reduce the insulation capability; 

 installation safety – natural wool insulation requires no safety equipment for its installation 
[41]. 

However, there is necessity to process sheep wool insulation material against moth damage, 
as well as to improve ability regarding fire and mould resistance. Different companies offer varied 
solutions for this problem: 

 material is treated by newer proprietary processes chemically bond a naturally 
occurring element to provide even more flame resistance as well as a vermin repellent 
to the wool fibre; contains borate molecules that resist mould propagation [41]; 

 material is equipped with an enzyme  – thus it is absolutely mothproof according to 
current knowledge [36]; 

 material is treated by the innovative, patent-protected process, known as plasma ionic 
treatment (IONIC PROTECT®) – altering the outside of the sheep wool fibres, while 
sheep wool retained all of its great insulating properties – result is a 100% pure 
insulation product pesticide-free, with ZERO additives [35, 42]. This insulation product 
of Austrian company ISOLENA is awarded by The International Association for 
Sustainable Building and Living with “NaturePlus” certificate [35]. It indicates that 
these products fulfil high standards relating to climate protection, healthy 
accommodation and sustainability [43]. 

II. Hemp fibre insulation materials 

In comparison to other annual fibre crops such us flax, jute or cotton, hemp fibres are 

characterised by a unique combination of fibre length, fibre stiffness and breaking strain. Therefore, 

hemp is considered to be the strongest native natural fibre and is classed the second one only to 

coco fibres for durability in use [44]. 

1. Thermo-Hemp is a natural insulation material manufactured in Germany [45]. 

Components:   82 – 85% hemp fibres, 10 – 15% bi-component fibres, 3 – 5% soda for 

fireproofing.  

Benefits of hemp insulation: 

– thermal performance – 0.04 W/mK; 

– hygroscopic properties regulates humidity offsetting condensation risk (water 

absorption ≤ 4.2 kg/m2); 

– high specific heat capacity – 2300 J/(kgK); 

– excellent sound insulation; 

– low density & high thermal mass; 

– semi-rigid/flexible; 

– fire behaviour: class B2 according to DIN 4102; 

– never slumps – have a natural resilience that enables them to maintain their structure 

(do not compact over time). 

– Environmental friendly product: 
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– made from natural hemp plant fibres grown without any chemicals or toxic additives; 
– is totally safe and easy for you to install; 
– it’s naturally resistant to mould growth (resistance against mould fungus –  

0 according to EN ISO 846: 1997) and insect attack;  
– having low embodied energy during the manufacture, hemp is carbon negative as it 

locks in carbon during its growth (1 hectare of hemp will absorb up to 18 tonnes of C02 
as it grows); 

– is awarded with “NaturePlus” certificate. 

2. SteicoCanaflex (production of STEICO) [44]. 

Components: hemp fibres, polyolefin fibres, ammonium phosphate. 

Benefits of hemp insulation: 

– thermal conductivity – 0.04 W/mK, 

– specific heat capacity – 1700 J/(kg·K), 

– fire class B2 according to DIN 4102.  

Environmental friendly product: is awarded with “NaturePlus” certificate.  

3. NatuHemp (production of BlackMountain, UK) [46]  

Components: 95% natural hemp fibres, 5% combination recycled adhesive binder. 

Benefits of hemp insulation: 
– thermal conductivity – 0.039 W/mK, 
– specific heat capacity – 1700 J/(kg·K), 
– fire class B2 according to DIN 4102, 
– moisture absorption 20% w/w. 

III. Wood fibre insulation  
Gutex wood fibre insulation (made in Germany) [47]. 

Benefits of wood fibre insulation: 
– thermal conductivity – 0.038 W/mK, 
– superior specific heat capacity (Fig. 6.8),  
– moisture absorption 15% w/w and vapour diffusion permeable, 
– fire class B2 according to DIN 4102, 
– acoustic insulation. 

Environmental friendly product: 
– recyclable, 

– awarded with “NaturePlus” certificate. 

IV. Straw bales, straw panels  

Nowadays, in the constructions, the growing interest in using of straw is associated with the 

appearance of large, pressed straw bales (e.g., 46/37/50–130 cm) during harvesting process and 

they are a widely available as local product in major places of the world. Like other products such 

as hemp and wood fibre, the straw is a cellulose-based material. So, as the straw bales are made 

from a waste product, they have a very low-embodied energy. The only energy, what is used to 

make them, is in the bailing process and transportation to the worksite [48] (Fig. 6.9). Although, 

straw bales have proven themselves as sustainable building material, however, there are still, little 

scientific studies on their hygrothermal performance and possible mould and decay development 

during the building service life [50]. 

Benefits of straw insulation: 
– thermal conductivity – 0.045 – 0.06 W/mK, 
– moisture absorption approx. 25% w/w and vapour diffusion permeable, 
– more breathable than many other building materials, 
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– acoustic insulation 
– more flame retardant than conventional wood-frame construction [48, 50, 51]. 

 

Figure 6.8. The following 

example demonstrates the 

high heat capacity of wood 

fibre insulation: 

the time lag (it takes time for 

heat to reach building interior 

from building exterior through 

insulation) for 180-mm GUTEX 

Thermosafe-homogen 

insulation is 10 hours [47]  

 

Figure 6.9. Normalized 

environmental impact of different 

thermo insulating materials [49] 
 

 

V. Neptune Grass (NeptuTherm®) [52, 53]  

Materials for an insulation is the leaf fibres of the withered Neptune Grass (Posidonia 

oceanica) that are rolled up into balls on the bottom of the sea and washed up on Mediterranean 
beaches by waves and wind. When it is compared with other natural fibres, sea grass is in a unique 
position as it is not produced by agricultural or forestry processes and therefore, it is not in the 
competition for land space with food production.  

NeptuTherm® has the following positive characteristics:  
– the thermal conductivity – 0.039W/mK; 
– the best protection against the summer heat. 
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NeptuTherm® possesses the following without any chemical treatment and additives: 
– low inflammability – it corresponds to B2 (fire resisting category); 
– high resistance to mould; 
– it contains only about 0.5 – 2% of salts which means – it is barely hygroscopic and is non-

corrosive; 
– the fibres absorb condensation, hold it and restore it without harming the insulation quality; 
– there is no living creature (e.g. crabs, insects, mice) interested in the fibre – apart from 

human beings. 

NeptuTherm®  

– is not hazardous waste; 

– have a very low environmental impact throughout their lifetime. 

6.6. Effective ventilation system – earth-air heat exchanger 

The provision of optimal ventilation is important task in nZEB construction. One of the well-

known concept for ventilation is the using of earth-air heat exchangers (EAHE) (Fig. 6.10.A), which 

have received much attention during the recent years [2]. The EAHE is one of the passive heating 

and cooling systems, having benefits of reduced energy consumption and CO2 emission. Due to 

the high thermal inertia of the ground, the soil temperature below an approximate depth of 3 m 

remains constant throughout the year and is in close range with mean annual ambient air 

temperature. Therefore, the soil can, be used as a heat source in winter. As ambient air travels 

through the EAHE, it receives heat from surrounding soil, resulting in higher outlet temperature of 

EAHE as compared to the ambient. The outlet air from EAHE may be used directly for space 

heating if it is at sufficient temperature, or it may be heated additionally. In summer, there is 

opposite situation – the air becomes cooler passing through the pipes buried in the ground [2, 54]. 

 

A 

 

B 

 

Figure 6.10. The heat exchangers coupled to a building: 

A – earth-air heat exchanger; B – earth-water heat exchanger [2]  

 

Though the results of some researches demonstrate that the EAHE mostly do not support 
growth of microorganisms in the pipes [55, 56], nevertheless several studies show that during the 
summer condensation can occur inside the pipes under high humidity conditions, and it can favour 
the development of microbial contamination, worsening IAQ. So, the possibility of humidity-related 
mould and bacteria growth has been taken into consideration [55, 57].  

 For examples, REHAU ECOAIRTM Ground-Air Heat Exchange System [58] offers the 
complex solution of this problem:  

 condensate drainage,  
 pipes with antimicrobial-protected inner surface,  
 inlet-air filtration.  

Condensation management. The first defence is removing the moisture through proper 
condensation management. The REHAU ECOAIRTM system offers two options: 
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o integrated 
in building with a basement, condensate is removed through the drain of the building. 
This is achieved via a condensate branch located at the lowest point in the EAHE pipe 
system; 

o stand alone  
this solution drains condensate through an external condensate collection shaft for 
buildings without basements or where external drainage is preferred. Water is 
discharged from the EAHE pipe to condensate shaft and then it is pumped out using a 
standard submersible pump. 

Properties of REHAU ECOAIRTM pipes. The pipes have been engineered to meet the 
requirements of an EAHE system. They inhibit ground-water intrusion, provide good thermal 
conductivity with the ground, have sufficient strength and inhibit microbial growth: 

o high longitudinal rigidity – 
it promotes effective condensate drainage, preventing the formation of puddles; 

o antimicrobial-protected  inner pipe surface  (Fig. 6.11) – 
AgION® Antimicrobial silver ions are embedded in the inner layer of the pipes. 

The efficacy of this antimicrobial compound has been tested against numerous 
microorganisms such as bacteria, algae, fungus. AgION® compound provides continuous 
protection against microorganisms by releasing silver ions to surface at a slow and steady pace. 
Silver fights microbes in three ways: breaking cellular metabolism, inhibiting transport processes 
in the membrane and preventing multiplication of the cells [59]. 

Air filtration. In order to grow, microbes also require some food resource. From the incoming 
air, effective particle removal by using filters is one another important step [58].  

 

 

Figure 6.11. Embedded silver paricles create an antimicrobial inner 
pipe surface that inhibits microbial growth. Silver ions are released 
when moisture is present, just when antimicrobial protection is the 

most needed [58] 

Summary, EAHE represents a relatively high investment cost for installation (ground jobs) 

and the surroundings of the building have to allow for the laying of the tubes. During the 

construction a great care has to be taken. Firstly, it is not always easy to dig deeply and collapsing 

of the pit walls has to be avoided. Secondly, the tubes need to be installed carefully to prevent 

formation of condensation e.g. tubes have to be tilted to evacuate the water [2, 60]. They also 

require a considerable length to provide a necessary capacity [61]. 

As an alternative, earth-water heat exchangers are now started to get used (Fig. 6.10.B). In 

these systems water is circulated to a matrix of small diameter tubes (diam. 2 – 5 cm) which are 

put into the ground. These tubes are coupled to a water-air heat exchanger placed in the ventilation 

inlet, thus obtained the same effect as earth-air heat exchanger. This system is thus cheaper and 

easier to install compared to the air based system [2, 61]. A brine liquid (heavily salted water) or 

water-glycol mixture can be used as the heat exchanger fluid [2, 56]. 
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In order to increase the air pressure difference and efficiency of the EAHE, the EAHE can be 

combined with a passive ventilation system – a solar chimney (Fig. 6.12). The solar chimney uses 

natural convection to create a vacuum and enhance the natural stack ventilation through a building 

[56, 62]. In turn, so-called Trombe wall also can be used as solar chimney (Fig. 6.13) [63]. 

 
 

Figure 6.12. The solar chimney draws 

air through a geothermal heat 

exchange to provide passive home 

cooling [62] 

Figure 6.13. A Trombe wall can act as a solar 

chimney [63] 

 

Trombe wall (also known as storage wall or Solar Heating Wall) is one of the solutions in 

passive architecture. The name of the wall was given after a French engineer Félix Trombe, who 

suggested this type of wall as an additional source of heat in overall heat load of the buildings.  A 

typical Trombe wall consists of a massive vertical structure (generally made of stone, brick or 

concrete with high inertia) painted in a dark, heat-absorbing colour and covered with a single or 

double layer of glass, to provide greenhouse effect [63, 64]. In one research (carried out in the 

Utah, USA), where Trombe wall was used as an additional element to the conventional heating 

system (HVAC system), it was concluded, that up to 20% of the annual heating was supplied by 

the Trombe wall [65]. 

However, there are also some disadvantages of this wall type: 

 in the climate with extended cloudy periods, without employing the adequate operable 

insulation, the wall may become heat sink; 

 the Trombe walls have low thermal resistance causing to transfer the heat flux from the inside 

to the outside of a building during the night or prolonged cloudy periods;  

 the amount of gained heat is unpredictable due to changes occur in solar intensity [66]. 

6.7 Intelligent facades 

Facades are crucial to energy consumption and comfort in buildings. During the last decades, 

façade technologies have undergone to substantial innovations by integrating specific elements to 

adapt to various outside environments. Incorporating intelligence in their design is an effective way 

to achieve comfort condition for occupants, minimize energy consumption in buildings and 

additionally mitigate the environmental impact. The ventilated and double-skin façade are some 

types of those building elements [67]. 

Ventilated façade is a complex, multi-layer system that mainly becomes very popular 
because of their numerous advantages. The ventilated facades system consists of: 

 support wall, 

 an isolation layer, 

 an external cladding layer joined to the building, 
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 an air gap between the isolation material and the final exterior cladding; the air 
chamber creates a natural ventilation by the so-called “chimney effect”, thereby 
maintaining the isolation material dry and achieving a major saving in the energy 
consumption (Fig. 6.14) [68]. 

 

Figure 6.14. Elements 
of ventilated façade 

[69]  

 

The most important benefices of ventilated façade regarding indoor comfort and energy 

saving: 

 Enhanced interior climate 

A building will be more comfortable for its inhabitants if the surface temperature of the 

interior walls remains as close to room temperature for as long as possible.  The benefits of 

external insulation are twofold: in winter, the walls store heat so the internal room 

temperature remains high; in summer, the amount of heat accumulated by the perimeter 

walls falls dramatically, so the heat that reaches the interior is greatly diminished. 

 Increased soundproofing 

An improvement is up to 10 – 15 dB.  

 Elimination of condensation 

When two environments, separated by a wall, have a different temperature and RH, 

vapour tends to migrate towards the face of the wall facing the environment with the lowest 

actual pressure. Condensation will form if the actual pressure decreases more rapidly than 

the saturation pressure during this migration following the lowering of the temperature. The 

curves of the effective- and saturation pressure will never cross if the insulation is fitted on 

the outside of the wall and so condensation will never form. The internal humidity eliminated 

through the higher breathing perimeter walls is also rapidly removed by natural ventilation 

before it has the chance to settle on the outside face or wall covering. 

 Improved performance of thermal insulation  

Less heat bridging, damping and phase shift of the thermal wave and reduction in the 

thermal loads on the surface. 

 Elimination of heat bridging 

A modern building is typified by the discontinuity of the shapes and materials used in 

its construction, leading to heat bridging. In turn this leads to an uneven distribution of the 

temperature with a negative impact on the climate inside and promoting the formation of 

condensation and mould. A continuous layer of external insulation protects it in a more 

uniform way and the outdoor facing blocks the sun’s rays: together, they lower its thermal 

instability and improve the building’s energy performance [70]. 

Double skin façade technology is another design solution for energy saving that it can be 
implemented to build low-energy buildings [71]. The building with the double-skin facade has an 
envelope consisting of two walls – the outer wall is usually out of glass, while the inner wall can be 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of compatibility, impact 
on the quality of life and sustainability to clarify the solving problems “ 

 

                                                                                                        128 
 

„ Development, optimisation and sustainability evaluation of smart 

solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

 

out of any building materials (Fig. 6.15). A cavity between the walls usually varies from 12 to 120 
cm. A larger cavity allows for installations such as HVAC, electrical and shading devices between 
the walls. The ventilation of the cavity can be natural or mechanical. The most important arguments 
for using a double-skin façade are: 

o improved thermal performance,  
o pre-heating of ventilation air,  
o enhancement of thermal comfort, 
o better sound insulations etc.  

Usually the benefits of a double-skin façade are larger in cold climate countries [72, 73]. 

Double skin façade has some disadvantages: 

 higher cost for designing, constructing, maintaining compared to the traditional 
single façade; 

 increasing the weight of building's structure due to the application of this façade; 

 risk of overheating can be increased during the sunny days; complicated process of 
designing;  

 additional  maintenance and operational costs;  

 increased airflow velocity inside the cavity; 

 potential issues associated to fire propagation [66]. 

 

Figure 6.15. Typical 

double façade 

components [74]  

 

6.8. Innovative finishing materials 

One problem, that has become apparent in the recent years related to nZEB, is growth of 

algae and fungi on building facades. Development of microorganisms can impaired seriously not 

only aesthetic quality, but also durability of an external building envelope. 

As modern exterior insulation finish systems do not have much thermal inertia and they are 

more subjected to undercooling, there is often observed condensation on the surface and a 

consequent higher biological growth risk. This undercooling phenomenon is due to the “thermal 

decoupling” that occurs in the envelope. “Thermal decoupling” is the complete breaking between 

the thermal behaviour of the inner part of the envelope (completely influenced by the interior 

conditions) and the external part (subject to climate conditions) due to high insulation of building 

envelope. Condensation commonly occurs on building facades when their surface temperature 

drops below the dew point of ambient air [3]. The main reason for this temperature drop is the long-

wave radiation exchange of the façade with the atmosphere [75]. Mostly it is observed in 

intermediate seasons (fall and spring) during the clear and cold nights [3, 76]. In the Northern 
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hemisphere, deterioration due to algae is found generally on the north and northwest facing 

surfaces, since these are hardly ever irradiated by the sun throughout the day and remain damp 

for a longer time [3]. 

So, in order to prevent growth of microorganisms, moisture has to be diverted away from the 

façade as quickly as possible and should be prevented from getting onto or into the façade at all. 

Geometrical characteristics of the building facades, roof projections, well-directed water flow and 

sufficient distance between the façade and trees or bushes all can help to reduce moisture. The 

physic-chemical characteristics of finishing materials also have a great importance on possibility 

of microorganisms to settle on façade surface [3, 77]. 

One of the most promising strategies to resolve the problem with the growth of algae and 

fungi is the development of innovative materials that use nanoparticles for conferring new functions 

on traditional materials. “Nanoparticles” are engineered particles with at least one dimension in the 

range of 1 – 100 nm (ISO/TS 27687 2008). They can improve, for example, the paint properties, 

such as water repellence, scratch resistance, durability as well as antimicrobial properties [78]. 

Among nanomaterials, there are TiO2 (titanium dioxide) based coatings, which provide 

improved or new properties to paints in order to optimise their rheological or mechanical properties 

or to give them self-cleaning properties through dirt repellent, photocatalytic and superhydrophylic 

properties. Photocatalytic effect of titanium dioxide begins when TiO2 reacts photochemically, 

stimulated by the UV radiation in sunlight [79]. 

Here are some recommended products. 

 ThermoSan NQG (product of  the company “Caparol”) – façade paint with essential 

benefit [80]: 

organically cross-linked nano-quartz particles form a compact, mineral-hard, three-

dimensional quartz matrix structure against soiling and keep facades clean for a longer 

period – providing clean, fast-drying facades. 

Material properties: 

 provided with an encapsulated preservative against deterioration in the coating film 

due to algal and fungal attack; 

 alkali-resistant, hence unsaponifiable, 

 highly CO2 permeable, 

 non-film-forming, micro-porous, 

 is able to wash fine shrinkage cracks in render surfaces, 

 contains special pigments, showing a photocatalytic effect, 

 reduces visible marks on dark colours, if surfaces are subjected to mechanical 

loads. 

 StoLotusan (product of company “Sto Ltd”) – a breakthrough in render technology [81]. 

StoLotusan is the only render with the patented Lotus-Effect®, demonstrating unbeatable 

water and dirt repellence, and providing the best natural protection against the growth of 

algae. 

As StoLotusan cures, the surface forms a unique microstructure similar to that found on the 
lotus leaf, greatly reducing the surface contact of water and dirt particles. Every time it rains, 
the rainwater simply rolls off the facade, picking up the loose dirt as it goes. 

Features and benefits: 

 water and dirt are unable to grip the surface, so the facade is cleaned every time it 

rains, 

 very high CO2 and water vapour permeability, 
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 provides the best natural resistance against the growth of algae and fungus by 

removing the conditions required for them to thrive. 

 StoColor Lotusan® (product of company “Sto Ltd”) – façade paints incorporate the 

unique Lotus-Effect® Technology [82]. 

This involves transferring the natural self-cleaning effect of the lotus plant – the lotus effect 

– to modern façade coatings. 

Rainwater runs off the lotus plant in the droplets, taking all the dirt particles on the surface 

with it. On the façade, this effect guarantees active, moisture-regulating weatherproofing. 

The result: dirt runs off with the rain and the façade stays clean and attractive for longer. 

6.9. Greening systems 

Greening systems, as green roofs and green walls, are frequently used as an aesthetical 

feature in the buildings for centuries [83]. But nowadays, there is an increasing interest in using 

them as a tool for a thermal regulation in the buildings with the aim of energy saving. In addition, 

both green roofs and walls protect building elements and extend their service-life. At the city scale, 

they also improve the urban environment by contributing to urban biodiversity, water run-off quality, 

stormwater management, air quality, temperature reduction and mitigation of the heat island effect 

[83, 84]. It is important to notice that these greening systems contribute to the insertion of 

vegetation in the urban areas without occupying any space at the street level. In this context, green 

walls have a greater potential than green roofs considering that in urban centres the extent of 

facade greening can be double the ground footprint of buildings [83]. 

Green roofs 

A building roof that is either fully or partly covered with a layer of vegetation is called a green 

roof. It is a layered composite system consisting of a waterproofing membrane, growing medium 

and the vegetation layer itself. Often, green roofs also include a root barrier layer, drainage layer 

and, where the climate demands, an irrigation system. There are two main classifications of green 

roofs; extensive and intensive. “Intensive” green roofs have a deeper substrate layer that allows 

cultivating deep rooting plants such as shrubs and trees. In turn, “extensive” green roofs have 

thinner substrate layer that allows growing a low level planting such as lawn or sedum. Extensive 

type is more commonly used and they have been proven to be fairly successful in cold climates. 

The green roof as energy saving element can not only reflect the solar radiation, but also acts as 

an extra thermal insulation layer [69] and they can be more effective for low-rise buildings [85]. 

There are at least such parameters of green roofs what influence their thermal performance: 

substrate thickness, substrate moisture content (Fig. 6. 16) and density of vegetation [86, 87]. The 

green roofs are only meant to improve thermal protection of a building and should not replace the 

roof insulation layer. It is observed, that green roof system incurs higher annual savings when 

installed on a poorly insulated roof rather than a well-insulated roof [64]. 
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Figure 6.16. Comparison of the energy exchanges of the dry and wet green roof with a 

traditional roof in summer season [88] 

 

Green walls 

Green walls can be classified into two groups based on their construction: 

 green facades  – are based on the use of climbers (evergreen or deciduous) attached 
themselves directly to the building surface (as in traditional architecture), or supported by 
steel cables or trellis; 

 living wall systems, which are also known as green walls and vertical gardens – are 
constructed from modular panels, each of which contains its own growing medium; they 
demand a more complex design, are often very expensive, energy consuming and difficult 
to maintain (Fig. 6.17) [66, 89]. 

In Table 6.6, there are presented the most important factors that influence behaviour of 

green walls as passive energy saving systems [90]. 

 

Table 6.7. Key factors that influence thermal properties of green walls [90] 

Interception of solar 

radiation. Shadow 

Thermal insulation and 

storage 
Evaporative cooling 

Variation of the effect 

of the wind 

Density of the foliage 
(number of layers) 

Density of the foliage 
(number of layers) 

Changes in the air in the 
intermediate space 

Barrier effect of wind 

Substrate: thickness, bulk 
density and moisture 
contenta 

Type of plant 

Exhibition 

Climate (dry/wet) 

Wind speed 

Substrate moisture 
a 

Density of the foliage 
(number of layers) 

Orientation of the 
façade  

Direction and wind 
speed 

a Only in certain types of green verticals systems, such as living walls. 
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Figure 6.17. Types of green walls [89] 
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The green walls provide some of the same benefits as green roofs – they reduce the transfer 

of solar heat into the walls of buildings both by direct shading and by evaporative cooling and they 

also increase thermal insulation [85]. Cooling effect of green walls is well studied [90, 91], while 

there is much less known about their effectiveness during the cold season. One research has been 

carried out in Manchester (UK) with Hedera helix (English ivy – evergreen climber) on North wall 

of solid brick-walled building during the late winter. The ivy covering has increased the mean 

external wall temperature by 0.5 °C and slightly has reduced diurnal temperature fluctuation. 

Calculated energy losses have been reduced by 8%. It has been found, that the covering was more 

effective on cold days, but at temperatures above 12.2 °C the ivy covering has increased energy 

loss, because it has shaded the outside of the wall from warming by short wave radiation. The 

researchers have highlighted the main finding – there is the limited effectiveness of green walls at 

reducing winter heating costs, even for poorly insulated brick buildings. It could indicate that for 

well insulated modern buildings, green walls would provide negligible added insulation effect in 

winter. Nevertheless, the results suggest that evergreen green walls can reduce heating costs, 

particularly when placed them on the North of buildings, whereas on the South side deciduous 

climbers might be more effective [85]. So, it would be useful to evaluate the effect of different 

climbing plants (evergreen and deciduous) on thermal performance of buildings throughout the 

year in local weather conditions.  

6.10. Mould prediction models 

In order to provide favourable indoor climate condition for inhabitants and avoid damage of 

building materials, the possibility of prediction of mould formation risk is very important in 

constructions. It is the reason why there is a growing request for reliable calculation methods in 

building engineering to evaluate the moisture performance in building elements and probability of 

fungal growth. Different methods for hydrothermal analysis of building are developed to simulate 

the coupled transport processes of moisture and heat, aiming to predict microbiological risk, such 

as, IEA-Annex 14, time-of- wetness (TOW), Clarke and Rowan’s isopleth model (ESP-r model) etc. 

[3, 92]. However, some of the well-known and commonly used models are Viitanen or VTT (VTT – 

Technical Research Centre of Finland) model as well as Sedlbauer’s isopleth and the 

biohygrothermal model [93]. 

International Energy Agency-Annex 14 defined a surface RH threshold for mould growth 

dependent on the elapsed time. This threshold was defined on the lowest isopleth for Aspergillus 

versicolor  (typical mould fungi in humidity damaged buildings) on agar, resulting in RH threshold 

equal to 80, 89 or100% for respectively an exposure time of 1 month, 1 week and 1 day. This 

proposal was simplified into a design value for temperature ratio (Eq. 6.1): 

τ =
𝜃s,min−𝜃𝑒

𝜃𝑖−𝜃𝑒
≥ 0.7   (6.1) 

with θs,min (°C) the minimum indoor surface temperature and θs and θe the inside and outside 
temperature (°C), respectively. A temperature ratio of 0.7 is proposed as criterion, related to an 
acceptable mould risk of 5%. A lower ratio introduces an unacceptable high mould risk. One of the 
limitations of this model is that humidity values (main influencing parameters) are taken into 
account only indirectly [3, 92]. 

Model of Time-of-Wetness (TOW) was developed by Adan. He carried out a series of 

experiments, evaluating development of Penicillium chrysogenum on gypsum board, to study 

fungal growth under transient RH conditions. Adan observed that also short periods of high RH 

should not be neglected in mould analyses. In order to indicate the water availability under transient 

conditions, the TOW was introduced, given by Eq.6.2.:  
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TOW =
cyclic wet period (RH ≥ 0.8)

cyclic period (wet + dry)
 (6.2) 

The performed experiments showed that P. chrysogenum on gypsum board was only weakly 
affected for the TOW ≤ 0.5, while the TOW ≥ 5 results in a non-linear relation between the TOW 
and the mould growth and an increased mould damage. However, it is clear that this model cannot 
be used to predict mould development in cases of other species and substrates [3, 92]. 

Hens found that Aspergillus versicolor has the lowest critical growth isopleth among various 

mould fungi. After laboratory studies, the critical relative humidity of A. versicolor was obtained, 

based on a quadratic function of temperature correspond to the long-term risk, and a logarithmic 

function of the number of days correspond to the short-term risk [94]  

Clarke and Rowan [95] developed a simulation model based on an analysis of published 

data using the growth limit curves for six categories: highly xerophilic, xerophilic, moderately 

xerophilic, moderately hydrophilic, hydrophilic and high hydrophilic (Fig. 6.18). These limits have 

been incorporated whithin the ESP-r system for the assessment of the environmental and energy 

performance of buildings [3, 13, 94]. 

 

Figure 6.18. Representation of the lower envelope 

curves of the respective growth range for different 

mould fungus categories, in dependence of 

temperature and relative humidity according to 

Clarke and Rowan [7]  

 

VTT model is an empirical model based on large-scale experiments in the steady-state as 

well as dynamic conditions [96, 97]. The basic version of a model was based on extensive 

laboratory studies with Scots pine (Pinus silvestris) and Norway spruce (Picea abies) sapwood. 

The mould growth intensities were determined using mould indexes M (Table 6.7). Based on 

studies under varied and fluctuated humidity conditions, the mould growth model (Eq. 6.3) was 

developed: 

𝑑𝑀

𝑑𝑡
=

1

7∙𝑒𝑥𝑝(−0.68𝑙𝑛𝑇−13.9𝑙𝑛𝑅𝐻+0.14𝑊−0.33𝑆𝑄+66.02)
𝑘1 𝑘2  (6.3) 

The influence of temperature T (0.1 – 40 °C), relative humidity RH (%), wood specie W (0 = pine, 

1 = spruce), surface quality SQ (0 for resawn, 1 for original kiln-dried timber), exposure time t and 

dry periods are included in the model. The incremental mould index in- or decrease also can be 

calculated. The factor k1 is used to scale the growth intensity under favourable conditions. The 

factor k2 is included to implement a moderation of the growth intensity when mould index 

approaches to maximum peak value (4<M<6). 
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Table 6.7. Original mould index classification together with update based on experiments 

with different building materials (in bold) [92] 

 
 

Carrying out numerous laboratory and field tests, the VTT model was developed further for 

other typical building materials: spruce board (with glued edges), concrete (maximum grain size 

8mm), aerated concrete, cellular concrete, polyurethane thermal insulation (PUR, with paper 

surface and with polished surface), polyester wool, expanded polystyrene (EPS) and glass wool. 

As an investigation of all building materials is not possible to simplify analysis, therefore, four mould 

sensitivity classes are presented (Table 6.8). In equation 6.3, for other materials except pine and 

spruce, is W=SQ=0 [92, 93, 97, 98]. 

 

Table 6.8. Mould sensitivity 
classes and their material groups 

for VTT model [98]  

 

Sedlbauer’s isopleth and biohygrothermal model. Referring to the information available 

in the science literature, Sedlbauer has gathered data about approxim. 200 species of mould fungi 

what can cause health risk and can be detected on buildings materials. He has subdivided these 

fungi in three hazardous classes: 

 class A: mould species which are highly pathogen and not allowed to occur in buildings; 

 class B: mould species which are pathogen when exposed over a longer period or which 

cause allergic reactions; 

 class C: mould species which are not dangerous to health, but they may cause building 

materials damage. 
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Class B and C have been combined in one class B/C, as the results obtained of them differed 

only slightly. According to the results regard to  LIM-curve (Lowest Isopleth for Mould – the 

conditions below which no spore germination or growth occur) for each classes representative 

fungi have been determined: for class A – Aspergillus versicolor; for class B/C – Aspergillus 

amstelodami,  Aspergillus candidus, Aspergillus ruber and Wallemia sebi. Based on data about the 

growth of these fungi on an optimal culture medium, the isopleth systems for each hazardous class 

are developed. There have also been made separate isopleth system for spore germination and 

mycelium growth (growth rate is mm per day). In the later researches, the hazardous classes have 

been combined the single hazardous class [3, 7, 92]. 

The influence of building substrate and its possible contaminations (dust, dirt, etc.) have been 

taken into account during the second subdivision of model. Isopleth systems for four groups of 

substrates that can be derived from experimental examinations, as well as making some simplistic 

assumptions, have been suggested. An overview of them is given in table 6.10. 

 

Table 6.10. Sedlbauer’s substrate categories [92] 

  

 

Figure 6.19 presents for these substrate groups the generalized isopleth systems for spore 

germination and mycelium growth valid for all relevant species of mould fungi occurring in the 

construction. No any isopleth system for substrate category III is developed, as for these substrates 

no mould growth will be expected. The isopleth systems are made in such a way that always the 

worst case scenario is taking into account [3, 92, 93]. 

Biohygrothermal model developed by Sedlbauer (2001) describes the mode of action for the 

fundamental means of influence on the germination of spores, i.e. the humidity available at the 

certain temperatures in a correct way from the physical point of view. This model allows the 

calculation of the moisture content in a spore in dependence on transient boundary conditions. If 

the critical water content is achieved inside the spore, germination can be regarded as completed 

and mould growth will begin. So, the necessary time until spore germination and the mould growth 

can be calculated [92, 93]. 

In Figure 6.20 and Table 6.11, there is shown the comparison among several prediction 

models of mould growth. Comparing both VTT model and Sedlbaur’s isopleth and biohygrothermal 

model, it is seen that these models are quite different. The VTT model is an empirical model based 

on laboratory investigations, while the biohygrothermal model is a theoretical model. Growth, what 

is calculated under unfavorable conditions, can be  
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Figure 6.19. Generalized isopeth systems for spore germination and mycelium growth valid for 
all kinds of mould fungi on corresponding substrates [7] 

 

retrogressive in case of the VTT model in contrast to the biohygrothermal model which shows zero 

growth in these periods. However, the most essential difference is that the VTT model limits the 

predicted mould growth rate to climate specific maximum value, while the biohygrothermal model 

allows continuous growth as long as there are suitable conditions [93, 99]. As well as comparing 

the results obtained with both methods, there can be seen that the germination criteria, what are 

used in the VTT model (M>1), seem to be less severe comparing to the germination criteria used 

by Sedlbauer (Fig. 6.21) [92]. For the purpose to transform the results, what are obtained by using 

the biohygrothermal model (mould growth in mm), into corresponding mould index (according to 

VTT model) conversion function has been developed with high level of coincidence (Fig. 6.22) [93, 

99]. 
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Table 6.11. Overview of the different mould prediction methods: (1) temperature ratio, (2) 
TOW, (3) updated VTT model, (4) ESP-r isopleth mode, (5) isopleth curve Hens, (6) 

Sedlbauer’s isopleth system, (9) biohydrothermal model [92] 

 

 

Figure 6.20. Comparision of the LIMs 
of substrate class I (LIM I – 

biodegradable materials) and substrate 
class II (LIM II – porous materials) after 

Sedlbauer with data from results of 
original VTT model,  and Clarke et al. 
(for xerophilic fungi), and Hens [13]  

 

Figure 6.21. Comparision 
between the germination time 

according to Sedlbauer’s 
germination graph for substrate 

category I (biodegradable 
materials) and the original VTT 

model – isopleths indicating 
germination after eight and 

sixteen days [92]  
 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of compatibility, impact 
on the quality of life and sustainability to clarify the solving problems “ 

 

                                                                                                        139 
 

„ Development, optimisation and sustainability evaluation of smart 

solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

 

Figure 6.22. Relationship 
between the mould (accorging to 
the VTT model) index and mould 
growth in mm (according to the 

biohygrothermal model [92]  
 

In summary, it should be remarked that still more and deeper studies are necessary, 

especially evaluating the mould formation under transient conditions to be able to develop the most 

reliable prediction model and to solve current contradictions among the models. In order to do it, 

additional measurements are required in laboratory conditions as well as in situ [92]. 

6.11 Comments and recommendations 

In order to pursue sustainable construction, green building industry requires the focus on 

using renewable as well as low-embodied energy building materials such as timber and its 

products, various natural insulation materials. In this context, it is noted that lightweight timber-

framed buildings can provide low thermal transmittance requiring for nZEB. Among all criteria, that 

influence the indoor comfort level, temperature and humidity are the most important. The previous 

studies and observations have shown that there is a gap in knowledge in terms of understanding 

the hygrothermal performance of eco-friendly materials in wall assembles of passive houses and, 

obviously, further studies are necessary.  

One of the most important tasks, to maintain the confortable indoor environment, is the 

careful selection of proper building material and their arrangement within construction blocks. In 

order to ensure acceptable and stable relative humidity and to minimize the possibility of mould 

fungi development it could be advised: to use interior finishing materials with high moisture 

buffering capacity, e.g., clay plasters, wood panels. In turn, to fully utilize the advantage of natural 

insulation materials to accumulate and conduct moisture, damping humidity oscillations, it could 

be necessary to realize the idea of “vapour open” walls (using vapour retarders instead of vapour 

barriers) what made the buildings able to breathe and remove excess moisture outdoor, thereby, 

noticeable improving indoor microclimate. It allow to save energy used for additional ventilation. It 

may be also possible to reduce the heating and cooling energy consumption by up to 5% and 30%, 

respectively, when hygroscopic materials with well-controlled heating, ventilation and air 

conditioning system are applied [39, 100]. The examples of appropriate light construction are 

shown in table 6.12.  
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Table 6.12. Composition of test building walls from inside to outside with their U values [39] 

 

 

It also would be necessary to pay particular attention to use of natural insulation materials 

that can be made from local waste products of agriculture and forestry such as hemp and wood 

fibre. An interesting model for vapour permeable construction from local waste products is a straw 

building. In this case 40 – 50 cm thick wall are made of straw bales. Interior finishing material 

(vapour retarder) is clay plaster (at least 3 cm thick), while the walls from outside are protected by 

lime render and additionally by ventilated wooden façade.  

In order to reduce energy consumption in energy efficient house, the use of different types 

of heat exchangers (air-air, earth-air, earth-water etc.) are essential.  However, in any case, it is 

necessary to provide protection against microbial contamination. This task can be solved in 

different ways, depending on the option chosen, e.g., using easy-to-clean or replaceable filters or 

components to prevent accumulation of dirt and dust in the devices; preventing the formation of 

condensation. A good example for ground-air heat exchange system is REHAU ECOAIR that offers 

complex solution of microbial contamination problems: inlet-air filtration, condensate drainage and 

antimicrobial-protected inner surface [58]. 

The preferred solution for designing of energy efficient house is ventilated façade and also 

the double skin façade, which is the favoured for cold climate condition. In Latvia, a good example, 

how coupling the idea of double skin façade and using of materials with high moisture buffering 

capacity, is Saldus Music and Art School (finished in 2013). The façade consists of massive timber 

panels (34 cm), air gap (5 cm) and profile glass – this construction is a part of energy efficient 

natural ventilation system, preheating inlet air during the winter. Massive wood walls with lime 

plaster accumulate humidity, providing the good climate and work as passive environmental control 

element [101]. 

Greening systems is attractive element especially in urban environment. In Latvia climate 

conditions, the indirect green façades could be one of recommended solution. There are some 

plants that could be used for these green façades in our climate: 

 evergreen climbers   
o Hedera helix,  
o Euonymus fortunei;  

 deciduous climbers  
o Parthenocissus quinquefolia,  
o Aristolochia macrophylla,  
o Clematis tangutica,  
o Clematis vitalba. 
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A careful selection of construction materials allows to design moisture safe exterior walls, 

providing the conditions imposed to the nZEB. It is observed that even small alterations in building 

envelope may be a reason causing significant changes in the hygrothermal performance of the 

wall, consequently – energy efficiency of the house, lifetime of the construction materials as well 

as life quality of inhabitants. This is the reason why the research and simulation of hydrothermal 

performance of wall assemblies should already be done during the design phase of the building, 

thoroughly considering properties of different materials. It gives the opportunity to analyse 

parameters of humidity and temperatures in the constructions and to prevent the development of 

structures that allow formation of microbial contamination.  
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7. Sensors, monitoring, data logging and post processing 

7.1. Introduction 

To do a monitoring of thermophysical properties and to analyse the performance of 

building envelope it is necessary to place sensors – temperature, humidity, heat flux, etc. 

inside the living environment as well as in building assemblies. The object, nearly zero 

energy building (nZEB) located in Aloja, Latvia, is used for work on daily basis and 

therefore numerous wires to support sensors is not an option. The monitoring solution 

should be simple, small and with low power consumption to use sensors for years without 

maintenance. Additionally, previous experience has showed that centralised and well-

organized data logging and automatic post processing can potentially save great amount 

of work hours that so far have been spent organizing and restructuring data. The whole 

monitoring system is going to consist of following parts: sensors, sensor nodes, local data 

collection node, main data collection and analysis node. 

This section is organized in 6 subsections dealing with: 

 Temperature and humidity sensors’ state of the art review 

 Overview of data transmission hardware and firmware 

 Overview of control flow development, characterization of microcontrollers, 

real time clocks etc. 

 Power consumption and sustainability analyses of sensors being developed 

 Analyses of energy harvesting possibilities 

 Data storage and post processing 

7.2. Temperature and humidity sensors 

7.2.1. Temperature sensors 

The aim of the activity is not to develop new temperature and humidity measurement 

methods but rather, using available products, make a complete, innovative monitoring 

system suitable for given application. The traditional temperature measuring devices are 

based on thermoelectric effect, electric resistance dependence on temperature, 

luminescence, temperature-dependent voltage vs. current characteristics of the 

semiconductor diodes, etc. For project purposes the temperature sensor it is not 

necessary to exceed the range from -40°C until 50°C and a half °C precision is enough. 

The measurements should be made at direct contact with the environment as it is 

impossible to measure temperature inside the construction with remote temperature 

sensors. The remote measuring devices are also more expensive and is not further 

discussed. The direct contact sensors come in many flavours, thermocouples use 

thermoelectric effect that has low sensitivity and therefore an amplifier is necessary to do 

measurements. Negative temperature coefficient sensors or thermistors have very good 

sensitivity but their temperature-resistance curve is nonlinear that needs to be accounted 

for. Resistance temperature detectors also use electric resistance dependence on 

temperature, but the slope of these devices is almost linear. The only drawback is the 

price as the precision is platinum purity dependent. All three mentioned devices give 

analogue signal and therefore an analogue-digital converter (ADC) must be added to the 

design. Completely different story is the use of silicon diode temperature sensors that can 
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be placed in an integrated circuit (IC). These sensors use bipolar junction transistors 

whose base and collector is shortened thus it can be operated as diode. For more detailed 

description of the subject please refer to [1,2] Some most commonly used are 

characterized in table 7.1 and shown in figure 7.1. 

Table 7.1. Temperature sensors and their comparison 

Criteria/sensor IC Thermistor RTC Thermocouple 

Range 
-55°C … 
150 °C 

-100°C … 
500°C 

-240°C … 
700°C 

-267°C … 
2316°C 

Precision 0.2 °C 

Depends on 
calibration, can 

get below 
0.1°C 

Depends on 
calibration, can 

get below 
0.1°C 

Depends on 
calibration, can 
get below 0.1°C 

Sensitivity 
1mV/°C 
1µA/°C 

40 mV/°C 2 mV/°C 0.05V/°C 

Price 
Cheape

st 
Depends on 

precision 
High Average 

 

Figure 7.1. Temperature sensors:: a) Thermal resistance b) Pt100 thermocouple c) IC 
with bipolar junction transistor as temperature sensor 

7.2.2. Humidity sensors 

Humidity measurements evaluate how much water molecules are in the air. The 

maximum amount water in the air is dependent on temperature and pressure making it a 

hard to measure quantity. Humidity is often expressed as relative humidity (RH) – a 

percentage of saturation quantity (maximum possible humidity at given temperature and 

pressure). The humidity transport depends on gas partial pressure and therefore it’s 

uncommon to find RH values below 20%. When RH get over 75% mould growth can 

develop at favourable temperatures. It is therefore a common practice to avoid high 

relative humidity values in construction elements. Nevertheless, sensors should be 

precise up until 90% RH in case there are moisture issues in construction. For outside 

humidity measurements, the sensors should be able to measure RH up to 100 %. The 

temperature range that is necessary was discussed in last subchapter. Similar as in case 

of temperature sensors, above mentioned can be divided in two big groups: those that can 

be placed on IC and those that cannot. Analogue RH sensors use thin films of porous 

ceramics or organic polymers to measure capacitance, impedance or dielectric constant 

changes. The work principle is that electric properties change depending on water vapor 

chemical and physical adsorption as well as capillary condensation processes [3]. 

Another completely different mechanism is to use air heat conductivity dependence 

on RH. Such sensors have been developed and they can be put on an IC as described in 

[4]. The advantage of such system is that temperature and humidity sensors can be 

implemented on one IC. 

A B 
C 
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7.2.3. Conclusions on temperature and humidity sensors 

 From the point of view of temperature sensors, all the solutions are suitable for 

given application as far as the range and precision are considered. The improved precision 

of analogue devices such as thermocouples, RTC’s and thermal resistances is of 

negligible importance for given experiment. An advantage for analogue devices, especially 

thermocouples are their robustness and almost no drift over time. The IC’s on the other 

hand experience a temperature drift over time that can be meaningful in period of order of 

ages. Regarding humidity sensors, there’s no good solution that has high precision in 

necessary measurement range. The most common problem for temperature sensors are 

their low precision at high relative humidity range. The physical reason for this is the same 

as one happening in building materials – surface adsorption on porous materials. 

The IC’s use completely different he microcontrollers have built in analogue-digital 

converters and calibration functions can be stored in microcontroller’s memory. The IC’s 

use I2C and/or SPI protocols to communicate between controller and different peripherals. 

Both protocols are common and there’s no distinct advantage for any for given application. 

In practice temperature and humidity inside a wall assembly must be measured together 

and therefore there’s a significant advantage for integrated circuits that provides both 

measurements, are small compared to analogue devices and doesn’t require additional 

components that can make the developer’s life a real struggle. 

7.2.4. Heat flux sensors 

For sensing heat flux the main method is to use thermoelectric effect and therefore the 

sensor design consists of numerous p-n junctions or thermocouples connected in series. 

The output voltage depends un heat flux [W/m2] that goes through sensor and is on order 

from μV to mV. This result will be used later to evaluate the efficiency of thermal energy 

gathering. The output signal is analogue and therefore an ADC is necessary to convert 

data. The use of thermoelectric effect leaves no choice but to choose the manufacturer 

who produce the cheapest sensors that can measure with sufficient precision the heat 

fluxes in range of U-values from 0.08 to 2 [W/m2K] covering constructions as well as 

windows and doors. Probably two or more different sensors must be chosen. 

7.2.5. Implementation 

Digital temperature and humidity sensors HTU21 [5] and HDC 1080 [6] were chosen 

as best solutions, the former one was used for prototyping. They are very small in size 

and significantly outperform analogous sensors of previous generation in terms of ease of 

use and price: 

1. Easy to use for any kind of sensor nodes. Due to built-in analogue-digital converter 
of sufficient precision and reference voltage source, these kinds of sensors can be 
used even for very cheap and energy consuming sensor nodes, built on, for 
example, processors of ATTINY family. 

2. Since data transition from sensor to sensor node is digital by using I2C interface, 
there is no problem dealing with electric noises, that can be induced to sensor 
connection line from environment. 

3. The sensors can read the power level of battery in terms of good or low. This is 
quite useful information to data fault analysis, especially because no additional 
electronic components are needed.   
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4. Another significant advantage is that sensors are factory tuned. Experiments 
shows, that sensors obtained from different dealers, outputs values as close as 
0.1 C for temperature and 0.1% for humidity. 

The open source SparkFun library for HTU21 sensor is used in prototype [7]. 

 

7.3. Data transmission 

To avoid multiple long wires, data transmission must be organized wireless. Suitable 

hardware and firmware is necessary because data must be transmitted from each sensor 

to a centralized receiver and later stored on the server or cloud. The most popular 

frequencies for data transmission are 315 MHz, 433 MHz, 868 MHz, 2.4 GHz and 5 GHz 

frequencies. The sub GHz frequencies use narrow bandwidth that is prone to interference 

when multiple transmitters are used and susceptible to noise if other devices in the given 

bandwidth is used. Therefore, additional measures must be taken to verify that data have 

been received and if not sent again. This increases device stand up time and increase the 

energy consumption. Another drawback for low frequencies is their low speed and high 

energy demand. The long range, up to 2 km with a good antenna without obstacles, and 

good obstacle avoidance is an advantage for low frequency radiofrequency waves. 

The standard 2.4 GHz and lately also 5 GHz carrier frequencies are widely used in 

WIFI and Bluetooth transmission. The advantage is lower power consumption, several 

band gaps and different spread spectrum algorithms employed to avoid interference. The 

range is considerably shorter, less than 20 m for worst case scenario without antenna and 

obstacles present. This can be enhanced by using antennas for more remotely placed 

sensors. Spread spectrum algorithms like frequency hop spread spectrum (FHSS), direct 

sequence spread spectrum (SDDD) are the most powerful advantage of 2.4 GHz and 5 

GHz frequencies, because they allow the signal to be safely transmitted except for very 

few cases when powerful noise is being transmitted along the given bandwidth. 

The main goal of sensor node is to read data from sensors and send them to local 

data collection node once per 5 minutes. Two kinds of sensor nodes: ESP8266 [8] and 

NRF24L01 [9] + Atmel CPU based were used to prototype a device. 

The ESP8266 [8] is a low-cost Wi-Fi microchip with full TCP/IP stack and 

microcontroller capability including operations with GPIO pins and is designed especially 

for Internet of things (IOT) applications. Because of that local data collection node can be 

any device that has Wi-Fi build in. Beside that, ESP8266 has deep-sleep current 

consumption of less than 20 µA that sounds very promising.  

The NRF24L01 [9] is low cost and simple radio chip for 2.4 GHz band. Radio 

communications can be short and fast with low power consumption, but there are 

restricted capabilities for dealing with large number of nodes. Enhanced ShockBrutTM 

technology that is implemented on the chip allow to create star network with one receiver 

for 6 transmitting nodes. If the number of nodes is larger, a situation when two nodes try 

to communicate with local data collection node simultaneously may occur. In TCP/IP world 

this situation is solved by using concurrency protocol that is hidden for developer and there 

is no need to worry about that. For NRF24L01 situation is more challenging and developer 

must find solution for that. When a lot of Wi-Fi devices are located near to NRF24L01 

network, the behaviour of last one can become unpredictable. Due to this reason 

NRF24L01 network is more suitable for agricultural than urban application. 
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For sensor nodes the CPU that support SPI bus to connect NRF24L01 must be 

used. Atmel 8-bit procesors can be good choice because of open-source software and 

hardware platform called Arduino. This allow to use already developed software 

components and hardware solutions, and more important, get support from large Arduino 

developer community.  

Sensor nodes must provide unique ID number in data messages sent to local data  

collection node. For maintenance purposes it is convenient that all sensor nodes have the 

same binary code is running. This requires sensor node identification by its hardware.  For 

the case of ESP8266 MAC number, that is factory set and unique and is required for 

Ethernet communications, can be used. There’s no hardware set unique ID number in 

NRF24L01 and additional hardware for sensor node is might be required. For moderate 

amount of sensor nodes non-used GPIO pins connected to solder-switchable PCB pads 

can be used. If a RTC with static memory is used, the unique ID can be stored there. This 

option doesn’t require any additional hardware. 

7.4. Sensor node and power requirements 

7.4.1. Sensor node implementation 

Different modules like temperature/humidity sensors and transceivers are 

standalone devices that are not useful without any control. Microcontrollers (MCUs) are 

used to do the work and therefore it is necessity to add one to the design. Moreover, all 

the devices consume power that is an issue if the hardware that runs on batteries, is 

mounted in the wall and not accessible in general. The grid powered hardware is another 

story and custom product development boards such as Arduino, pc/104, Xbee or Wemos, 

last two of which have 2.4 GHz transmitter/receiver already built in, see figure 7.2.   

 

Figure 7.2. Different kind of industrial made solutions a) Wemos b) different kind of 
Arduinos c) XBee 

As the temperature and relative humidity measurements are needed only every 5 

minutes and if data can be stored locally, transmission can happen every hour or even 

daily. By turning off devices while not needed a lot of power can be saved. For time 

keeping a real-time clock (RTC) built into microcontroller can be used. Built in RTCs are 

usually not power saving enhanced and with low time drift properties. Therefore, an 

external RTC can be used that runs on separate battery and wakes up MCU that further 

controls necessary devices. 

The electronics schematic that use NRF24 together with ATMEL ATMEGA 328PU 

chip together with HDC1080 temperature sensor and RTC is shown in figure 7.3. This is 

one of the possible options of how to build a sensor node. The size of HDC1080 is a couple 

mm3 and only pull up resistors are needed for it. They can be soldered to the main sensor 
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node PCB or a separate PCB with sensor and pull ups can be made. The latter would 

make the sensor size considerably larger, approximately 1 cm2. For the low power 

operation, the 16 MHz oscillators in drawing should be replaced with 8 MHz oscillators. 

The replacement is a must if low voltage (less than 3.3 V) is to be used because of possible 

I2C issues. 

 

Figure 7.3. Schematic for wireless temperature/humidity sensor 

For prototype the low-cost Wi-Fi microchip ESP8266 with full TCP/IP stack and 

microcontroller capability designed for IOT applications were used. The basic features of 

this device are 

 32-bit RISC microprocessor running at 80 MHz; 

 32 KiB instruction, 80 KiB user data, and up to 16 MiB (4 MiB typically 

included) QSPI flash; 

 IEEE 802.11 b/g/n Wi-Fi, WEP or WPA/WPA2 authentication; 

 16 GPIO pins, UART, SPI, software implementation of I2C; 

 10-bit successive approximation ADC; 

 Low power consumption in deep sleep mode; 

Because of presence of various TCP/IP software modules, the binary size of 

program is quite large, starting at approximately 250KB and resides of course in built-in 

flash memory. Usually 1MB is reserved for that purposes, but the rest can be used as 

ordinary flash disk. The SPI Flash File System (spiffs) [10] is used for that allowing simply 

create, read and write data files.  
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To reduce power consumption during waiting time, Deep Sleep mode with current 

consumption in level below 20 µA must be used. The wake on signal can be produced by 

build in timer and Reset pin connected to GPIO16 pin. It is important, that this connection 

must be removed during upload of computer program. Because of ESP8266 uses ceramic 

resonators instead of quartz resonators for microcomputer clock, the deep sleep time 

varies considerably from chip to chip and therefore additional calibration is needed. 

Wemos Mini [11] compatible device was used because of built-in USB interface that 

greatly simplifies the software development process. Appropriate shield has been built for 

humidity sensor to meat vertically stackable structure of whole construction shown in 

Figure 7.4. Since the connection between Reset pin (labelled as RST) and GPIO12 pin 

(labelled as D0) must be removed during uploading of computer program, this connection 

is made by removable wire. 

 

Figure 7.4. The ESP8266 Wemos compatible board module, HTU21 shield and 
schematics. Connection between RST and D0 is made by removable wire 

Measurements show that in power current consumption in deep sleep mode is 

approximately 140 µA. This is because of the hardware of USB interface that still use 

battery power when ESP8266 is in sleep mode. Due to this, the final sensor node must be 

without USB hardware. A version of stand- alone solution of ESP8266 were also built. 

Adapter plate solution for testing purposes and final PCB is shown in Figure 7.5. Over a 

month of laboratory tests with Wemos Mini and adapter solution leads to some conclusions 

that are included in schematics at Figure 7.6. and PCB at Figure 7.7.: 

 

Figure 7.5. The ESP8266 on adapter plate and final PCB 

Only reset button SWI is needed for node. By pressing it we observe flash of build 

in led that indicates acceptable level battery power. Beside of them measurements where 

done and sent to local data collection node. This helps to do whole local system check.  
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Since computer program for Lua board and ESP8266 alone system is the same, the 

software development process and test runs can be done on Lua. Because of that, 

reprogramming of stand-alone ESP8266 sensor node is frequently needed. This allows to 

use solder switch jumper SJ1 in the wake on timer wire and no socket for programming 

cable, only solder pads J2 on the bottom of PCB. 

 

Figure 7.6. Schematics of the ESP8266 sensor node 

 

Figure 7.7. Top and bottom layers of PCB 

 

 

7.4.2. Data transmission 

To ensure data collection from all sensors node must have both Wired and Wi-Fi 

Ethernet hardware and SPI interface for connection of NRF24L01.  The receiver must be 

connected to a computer with WIFI access for data to be stored on remote server or cloud. 

Conventional personal computer (PC) must have a MCU with receiver connected to it. 

There are however other solutions like Raspberry Pi [12] or C.H.I.P [13] available on the 

market that have general purpose input/output (GPIO) pins integrated in their design, low 

cost and lower power consumption. GPIOs give the advantage of connecting receivers 

directly to the PC. The low cost and small size, less than (10×10×5 cm) gives the option 

to place multiple receivers in the monitoring environment thus reducing the range 

requirements for transmitters [12]. 

The data collection and analysis node is located inside of University network and 

only few communication protocols and ports are available due to security considerations. 

We are using FTP.  
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7.5. Power requirements 

7.5.1. Voltage regulators and batteries 

The power requirements for the system haven’t been considered so far, but for 

battery powered devices this is an important topic. Importance arise also because the 

sensors are expected to last for years and some of them built in the wall and not accessible 

for battery replacement. To start the analyse it must be mentioned that battery self-

discharge rate is at least 1% and typical capacity is 500 mAh at 3V for Cr2032 coin cells 

until 2500 mAh at 3.7 V for Lithium Polymer of size 18650. The voltage for most integrated 

circuits is approximately 3.3 V but devices are made to tolerate higher and lower voltages. 

The batteries can be connected in series to provide higher voltage or in parallel to provide 

higher capacity. Voltage regulators can be used to deliver the necessary voltage but this 

should be avoided due to the power dissipation of regulator itself. In case the chosen 

design requires voltage regulator there are three kinds of them:  

 linear regulators – works on a feedback mechanism which needs higher input 

voltage than output voltage. The difference is transferred to heat and 

therefore a lot of energy is consumed this way. The advantage is that the 

linear regulators have “clean” output, the output signal has low noise. 

 Switching regulators – works on feedback mechanism like linear regulators 

but instead of dissipating power, switch the device on and off. Switching 

regulators can produce higher voltage than the input voltage making them 

useful for wider range of applications. Due to switching the output has higher 

noise than linear regulators. 

 SCR regulators – used to power devices if AC power is supplied. This kind 

of regulator uses silicon controlled rectifiers (SCR). For energy harvesting, 

see next chapter, from AC source the SCR regulator is unavoidable. 

The regulators can be used in combination to provide the needed voltage and noise 

level for given application. The requirements are subject to the chosen design and 

therefore the choice of regulator and weather to use it is left as one of the last in designing 

a product. For more comprehensive information on regulators the reader is referred to 

standard texts on electronics [14,15]. 

The main conclusion is that voltage regulators should be avoided and batteries with 

low self-discharge and flat voltage drop over time should be used. This eliminates the USB 

port from the design, because of its high power requirements. 

7.5.2. Implementation and results 

The examples of current consumption of three different types of the work of sensor 

node, whose development were described in previous chapter, are presented in graph at 

Figure 7.8 The measurements where done by TestBed equipment [16]: 
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Figure 7.8. Current consumption of of sensor node 

 

empty: sensor node only boots and immediately goes to the deep sleep mode. The 

duration of this process is 0.25 sec. Radio is switched off all this time and mean current 

consumption is approximately 20 mA except for the beginning of the cycle. 

spiffs: sensor node boots, make temperature and humidity measurements, write 

results to flash and then goes to the deep sleep mode. Measurements takes 0.07 sec, 

data saving 0.07 sec. Radio is switched off and current consumption is less than 20 mA 

during measurement and writing time. 

wifi: sensor node boots, make temperature and humidity measurements, send data 

to local data collection node and goes to the deep sleep mode. When radio is switched 

on, and current consumption immediately increases. Connection to wi-fi access point is 

almost 3 sec, data sending time is 0.03 sec and disconnecting takes 0.01 sec. This lead 

to the conclusion that data sending is very energy consuming.     

Table 7.2.. Estimated operation time of sensor node for three different type of cycles 
presented in figure 3.5 for 2100 mAh battery. Cycles are repeated every 5 minutes 

Cycle Current consumption Operation time, years 

empty 4.7 mC 1.6 µAh 7.1 

spiffs 8.6 mC 2.4 µAh 5.5 

wifi 253.c mC 70.0 µAh 0.28 

Table 7.2. shows the results of simple calculations, that determine operation time 

for standard 2100 mAh battery for the case that cycles are repeated every 5 minutes. 

Deep sleep mode of 15 µA is considered. Overall conclusion is that sending data every 5 
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minutes it too power consuming data should be collected into spiffs and sent to local data 

collection node much more less frequently, approximately once or twice per day. The 

results of corresponding estimations are presented in Table 7.3.  

Table 7.3. Estimated operation time of sensor node for mixed cycle: spiffs are repeated 
every 5 minutes, wifi onse in 1, 2, 4, 6 or 12 hours  for 2100 mAh battery 

1 wifi in 1 hour 2.1 years 

1 wifi in 2 hour 3.1 years 

1 wifi in 4 hour 4.1 years 

1 wifi in 6 hour 4.4 years 

1 wifi in 12 hour 4.9 years 

 

7.5.3. Extensions 

An extension to given design can be done by powering the device from the grid. This 

allows the device to be awake all the time and receive the instructions from the closest 

data collecting unit that can also work as a microcontroller and collect data on temperature, 

humidity, heat flux, air velocity etc. The given devices can also be powered from the grid. 

In this case the MCU don’t have to sleep for long periods and the extra pins can be used 

to attach different control systems, it can run stepper motors that open and close blinds to 

limit overheating during the summer for example. Depending on incoming data, the system 

can turn on or turn off the lights. The use of 2.4 GHz communication and several data 

collecting units any part of the house can be controlled with a mobile application. 

7.6. Energy harvesting potential 

A way of increasing battery life is to add an energy harvesting IC to the sensor 

design. There are many ICs on the market that are developed for optimal use for such 

energy sources as vibration, thermoelectric effect, solar radiation (small PV panels) etc. 

The IC itself has logic that needs to be maintained and therefore the energy harvester 

should produce more power than the IC itself consumes. The types and working principles 

of energy harvesting solutions are shown in figure 7.9. There are other types possible, for 

example, energy harvesting due to fluid flow. 
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Figure 7.9. Available energy harvesting options 

First ones to look at are DC output devices. The thermoelectric (Seebeck) effect has 

been discussed a little bit in subsection 2.3. where voltage generated by heat flux sensor 

was considered. Taking the U-value of typical passive house as 0.1 [W/m2K] a 1 mV 

potential difference can be achieved. A typical impedance of such sensors is of order of 

100 Ω and therefore the current can be evaluated using 𝐼𝑅 = 𝑈 to be 10 μA that gives the 

power of 10-8 W using 𝑃 = 𝐼𝑈.The amount produced this way is less than 30 μW that a 

typical energy harvesting IC [17] consumes. 

The photovoltaic energy harvesting with small panels of typical dimensions of 25 

cm2, efficiency as low as 10% and solar radiation as low as 100 W/m2 can generate 25 

mW that is more than enough to power several ICs. This is a viable solution but has a 

drawback for a need to place a small PV cell on the wall. 

The next big group is AC output devices. One sub group is radio frequency (RF) 

energy harvesting that is obviously inefficient because of energy decrease proportional to 

1/r2, where r is distance from the emitting antenna. 

Other harvesting mechanisms involve movement. The piezoelectric devices are 

extensively being researched and optimized [18, 19] and their reported achieved output 

power is 66.75 μW for resonance frequency 234.5 Hz. The energy achieved is sufficient, 

but the device has its drawbacks – price, need for a working system that generates 

vibrations in the resonance frequency and a price that can get high when specific piezo 

element with the right frequency is necessary. 

7.7. Data storage and pre-processing 

So far only DAQ system has been discussed, but the next step when data have been 

delivered to a PC, server or cloud is of the same importance. Previous experience when 

data where written to comma separated files and sent to server daily showed that this 

simple approach takes countless hours of manual data pre-processing that includes 

checking and correcting for inconsistent and/or noisy data. It is therefore of utter 

importance to develop a system that tackles data as automatic as possible. As a simple 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of 

compatibility, impact on the quality of life and sustainability to clarify the solving problems “ 

                                                                              158 

 

„ Development, optimisation and sustainability evaluation 

of smart solutions for nearly zero energy buildings in real climate 

conditions “  (No. 1.1.1.1/16/A/192) 

 

example: impossible values for relative humidity being “-10” are collected is an easy to 

spot but if done manually can take a lot of time. More complicated case is when sensor is 

showing the same data for extended period. This also can be easily spotted but the main 

question is what to do with “bad” data? Another issue is missing data and mismatch of 

their arrival frequency. The data mining is a hot topic nowadays because with more and 

more people using internet the amount of incoming data is larger than the possibility to 

sort and manipulate them more options become available for data processing. 

Probably the most popular way to store data is MS Excel or OpenOffice Calc 

spreadsheets but these have limitations when data gets too big. Each cell of these 

systems is unique and not necessarily carry the same data type e.g. numerical value or a 

string that makes working difficult and frustrating. These drawbacks are sometimes 

compensated by the necessity for labour without any knowledge on other data storage 

systems to use data at any time. 

More advanced techniques that use relational database management system 

(RDBMS) are also available and are around for more than 30 years. In these systems 

many data pre-processing algorithms are implemented. Most of available solutions use 

structured query language (SQL) that have become an industry standard. 

Third and most recent data storage and processing way is to use big data algorithms. 

These algorithms work with large amount of data and are divided in two subdivisions: 

operational and analytical data. The data stored and manipulated in these databases can 

reach the order of zettabytes and therefore would be an overkill for expected data size of 

a few megabytes per day. 

Conclusion 

Regarding sensors the analogue sensors for the given application can be 

considered as obsolete and therefore IC based should be used in given application due 

to their size, robustness and convenience. Nevertheless, an AD converter is still necessary 

due to heat flux and solar radiation sensors doesn’t have digital counterparts. 

Wireless data transmission systems exist and are continuously being improved. The 

main concern is the power consumption and their independence of the power grid. Two 

possible designs are shown in figures 7.3 and 7.6, the second of which have been built 

and tested. The data transmission is happening and the power consumed is measured. 

The most part of energy goes to wireless data transfer and therefore it is proposed that 

data are sent once or twice per day instead of 5 min cycles as previously planned. The 

robustness of the system is still under development as sudden power loss of the receiver 

sometimes stops the data flow. This however is not crucial as the restart of receiver can 

fix the problem. 

. The energy harvesting potential was reviewed and these kinds of systems are still 

in development worldwide. The thermoelectric effect is not a good solution as the U-value 

for the wall is small and therefore a high temperature differential can’t be achieved that is 

crucial for the application. Most promising is the photovoltaic and electromagnetic energy 

harvest option. The PV needs wires that goes through the wall and therefore is only 

marginally better than a system that powers from the grid. 
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8. Nearly zero energy building calculation software 

With the increasing number of people in the world, the problems of overcrowding are 

becoming increasingly popular, one of which is the increased use of energy resources, 

including fossil fuels, which have an impact on the economy itself, as the quantity of 

energy resources is decreasing and their prices rise, and it produces a lot of carbon 

dioxide emissions, promoting such climate change as global warming. To address these 

challenges, various measures are being taken at the global level and appropriate 

regulations are in place. 

One of the largest energy consumers are buildings, for example, they consume 40% 

of all energy in Europe, accounting for 36% of all carbon dioxide emissions. Therefore, 

this area is also subject to stringent regulations, in Europe it is the Energy Performance of 

Buildings Directive, which sets minimal energy efficiency requirements for buildings with a 

view to reduce or completely abandon energy consumption and carbon dioxide emissions. 

In order to achieve such ambitious goals, designing, construction and maintenance 

of the building must be thought through, use of available energy resources and climatic 

conditions (such as solar thermal benefits, wind energy, heat of the earth, etc.) should be 

considered in the most efficient manner, innovative solutions such as cogeneration, etc. 

should be used, there must be able to produce energy from renewable energy sources 

(such as solar collectors or panels, wind generators, etc.). 

Execution of such a complicated task as designing, building and maintaining a 

nearly zero energy building is not possible based solely on human experience and 

intuition, it requires theoretical knowledge, practical research, case studies, approbation of 

results and measurements, as well as specialized calculation software. 

8.1. Energy efficiency of buildings and nearly zero energy buildings 

In order to be able to objectively assess the compliance of a building with energy 

consumption requirements, the concept of energy efficiency of a building is introduced. In 

its turn, the concept of nearly zero energy buildings (hereinafter referred to as the nZEB) 

applies to buildings whose net energy consumption close to zero on annual basis. 

The European Commission Directive (Energy Performance of Buildings Directive) 

states that each State of the European Union is obliged to implement and clarify this 

Directive at national level. In addition, this Directive sets the following deadlines for the 

implementation of the DEAD: 

- By 2018, all new state-owned buildings should be nZEB; 

- By the end of 2020, all new buildings should be nZEB. 

In Latvia, the European Commission Directive is being implemented and specified 

as the Law on Energy Performance of Buildings and related Ministers Cabinet 

Regulations (hereinafter MC Regulations). Consequently, in Latvia, the concept of energy 

efficiency and the concept of a nZEB, in accordance with the Energy Efficiency Law of a 

building, are: 
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energy efficiency of a building is a relative amount of energy, which characterizes the 

energy consumption of a particular building for heating, ventilation, cooling, lighting and hot 

water supply in the typical operating conditions of a building type; 

nearly zero energy building is an elevated energy efficiency class building that uses high-

efficiency systems for energy supply. 

In turn, with MC Regulation No. 383 a system for the benchmarking and 

classification of energy performance of buildings (see Figure 8.1) is introduced, as well as 

the requirements of the nZEB: 

14. In the benchmarking scale, the following energy efficiency classes of buildings are used: 

14.1. for residential buildings: 

14.1.1. Class A – the energy efficiency indicator for heating does not exceed 40 

kWh per square meter per year; 

14.2. non-residential buildings: 

14.2.1. Class A – the energy efficiency indicator for heating does not exceed 45 

kWh per square meter per year; 

17. A building shall be classified as nearly zero energy building if it meets all of the 

following requirements: 

17.1. the energy efficiency of the building for heating corresponds to Class A, 

while ensuring the compliance of the microclimate of the building with the 

requirements of regulatory enactments in the field of construction, hygiene and 

labor protection; 

17.2. total primary energy consumption for heating, hot water supply, 

mechanical ventilation, cooling, illumination is not more than 95 kWh per square 

meter per year; 

17.3. High efficiency systems are used in the building, which: 

17.3.1. provides at least 75% of the ventilation heat loss during the 

heating period; 

17.3.2. at least partly ensures the use of renewable energy; 

17.4. building does not have low-utility fossil fuel heating equipment 

installed. 

 

 

Figure 8.1. Classification of buildings has been introduced in order to assess the energy 

efficiency of a building in a single standard, where the Class A building has the best 

energy efficiency, while the Class G building has the worst energy efficiency 
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8.2. Building energy performance assessment 

The beginning of the energy efficiency assessment of a building can be sought at a 

time when a human started to think how to reduce the amount of energy needed for 

heating the building - whether the windows should be large or small, from what materials 

to build walls and roof, which solution to choose the foundation and floor construction, etc. 

With the advent of science, especially heat physics, its basic principles became clearer 

and it became possible to measure the thermal engineering parameters of building 

materials, to analyze various solutions in a qualitative and quantitative manner for the 

evaluation of the energy efficiency of the building. In turn, with the development of 

computing techniques, numerical methods and calculations of dynamic simulations, it was 

practically possible to create a virtual model of a building, to evaluate the energy efficiency 

of a building and even to simulate its behavior in different conditions. Building energy 

performance assessment became more and more based on calculations. 

Building energy performance assessment makes it possible to evaluate such data 

as: 

- The energy required for heating; 

- The energy required for cooling (and drying); 

- The required energy for mechanical ventilation (and humidification); 

- The energy required for hot water supply; 

- Lighting energy required; 

- Additional energy required (e.g. electricity required for automation of the boiler); 

- Total required primary energy; 

- Energy produced from renewable resources; 

- Carbon dioxide emissions; 

- Duration of heating and cooling seasons; 

- etc. 

8.2.1. Building energy balance 

In the 1980s, many studies were conducted on choice of a more qualitative and 

more convenient calculation procedure for energy performance assessment of the 

building, as the most accurate initially it was chosen the dynamic simulation calculation, 

however, the research showed that the calculation of the much simpler and faster monthly 

or annual building energy balance method yields similar sequential error as a dynamic 

simulation method (see Figure 8.2.). 
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Figure 8.1. Comparison of calculations using the dynamic simulation software (DYNBIL) 

and the monthly and annualized calculation software (PHPP). The picture shows a very 

good correlation between simplified stationary and dynamic methods 

As a result, today the building energy performance assessment procedure is based 

primarily on monthly or annual calculated building energy balance; in turn, the dynamic 

simulation calculation is used for specific additional calculations, for example, for the 

determination of the thermal bridges of building structures, etc. 

The building energy balance method determines that the sum of all energy gains will 

be equivalent to the sum of all energy losses, thus, the required energy will depend on the 

following 4 main energy losses and benefits (see energy distribution example in Figure 

8.3.): 

- Transmission – heat transfer through building elements (walls, windows, doors, 

floors, roof); 

- Air exchange – the heat transferred through ventilation, infiltration and any other 

air exchange; 

- Solar gains – The benefits of solar radiation both through glazed surfaces 

(windows, doors, etc.) and opaque surfaces (walls, roofs, etc.); 

- Internal source gains – inhabitants, devices and lighting, hot water and hot water 

supply systems, processes and objects, etc. 
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Figure 8.2. An example of building energy balance distribution 

In addition, it is need to be taken into account that the necessary energy can be 

viewed by 2 different ways (cut views): 

- By building areas – any building can be divided into one or more dependent or 

independent areas, each defining its own conditions (indoor temperature, air 

exchange, etc.); 

- By building engineering systems – any building may be serviced by one or 

more engineering systems, providing energy for heating, cooling, ventilation, hot 

water, etc. (see example of building engineering system in Figure 8.4.). 

 

 

Figure 8.3. An example of a building engineering system – a heat pump unit that 

combines heating, ventilation and hot water production into a single easy-to-handle unit; 
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everything goes around the air: it both transmits heat and serves as a heat source for the 

heat pump (on the exhaust air side) 

Therefore, in order to perform building energy efficiency assessment, such data as 

building geometry and building structures, engineering systems, their purpose and utility, 

climatic and environmental data, indoor temperature data, etc. are required. 

For existing buildings, there may also be used energy consumption measurements, 

which should also be taken into account when calculating building energy performance 

assessment –measurement data can be compared with the calculation data and refine 

and calibrate the required parameters. 

8.2.2. Building energy performance procedure and standards 

In Europe, the procedure and methods for calculating the building energy 

performance are defined by the European Commission standard "Energy performance of 

buildings" (the standard also describes and explains calculations for various special 

cases, such as thermally related building areas, simple hourly calculations method, 

building blocks for solar gain, etc.). The building energy efficiency calculation procedure 

consists of the following steps (see Figure 8.5.) 

- Choice of calculation method – one of the calculation methods should be 

chosen: season, monthly, simple hour or dynamic simulation; 

- Definition of borders – the boundaries of conditioned and non-conditional spaces 

are defined, building areas, if necessary, define the area inter-between 

boundaries, engineering systems; 

- Parameter definition – defines the internal conditions, the external climate and 

other environmental parameters; 

- Choice of time interval – the time interval is selected (year, season, month, hour 

or arbitrary); 

- Calculation made – the calculation of the required energy is performed for each 

time interval and for each area; 

- Compilation of results – summarizes the results at time intervals and different 

areas, and calculates the required energy through engineering systems, taking into 

account losses and additional energy required; 

- Calculation of the heating and cooling seasons – based on the aggregated 

results, calculate the heating and cooling seasons durations; 

- Compliance with the national conditions – if the State defines any additional 

conditions, performs their execution. 
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Figure 8.4. Building energy efficiency calculation procedure 

8.2.3. Building energy performance new standard version and its 

features 

In 2017, the European Commission has launched a new version of the buildings 

energy performance standard for the building "Energy performance of buildings – Energy 

needs for heating and cooling, internal temperatures and sensible and latent heat loads – 

Part 1: Calculation procedures (ISO 52016-1:2017)". The new standard version has been 

significantly restructured compared to its previous version, but it is clearly seen that the 

new version focuses not only on the energy efficiency of the building but also on the 

comfort level of the building. Highlights are things like air humidity and its latent heat, the 

importance of air humidification and dehumidification, the frequency of overheating. The 
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methods that will be considered appropriate are also specified - the monthly method and 

the new hour method, both of which are based on the building's heat balance. 

Consequently, the previous simple hour-based method, which is based on the RC model, 

and the seasonal method based on the building's heat balance are no longer in line with 

the standard. 

8.2.4. Latvian normative documents 

In Latvia, this standard is introduced as the State standard, the Law on Energy 

Efficiency of Buildings and related MC Regulations 

- No.26 "Regulations on energy auditors" – defines the concepts of building 

energy efficiency, energy auditors and their role; 

- No. 348 (39) "Building energy efficiency calculation method" – specifies the 

method of calculation defined by the EC standard for the situation in Latvia; 

- No. 383 (504) "Regulations for the Energy Certification of Buildings" - defines 

energy certificates for the situation in Latvia (see Figure 8.6.). 

 

 

Figure 8.5. Latvia’s building energy efficiency assessment certificate 

 



Activity 3. 

„Preliminary studies of selected materials, technologies, buildings and their management systems in terms of compatibility, 

impact on the quality of life and sustainability to clarify the solving problems “   

168 

 

 

Development, optimisation and sustainability 

evaluation of smart solutions for nearly zero energy buildings 

in real climate conditions “  (No. 1.1.1.1/16/A/192) 

8.3. Passive house concept 

As a special case, it is definitely worth mentioning the concept of a passive house, 

which arose well before the emergence of the concept of nZEB. 

At the end of the 1980s, a passive home concept arose – a house that does not 

require active power supply. It crystallized from initially expensive and technology-rich 

solutions, until they gradually became more practical, technologically simpler, more 

environment friendly and more energy efficient. The Passive House Institute was 

established with its own standard and a whole movement – certification program, 

communes, research, tools and calculating software, etc. Nowadays, the concept of a 

passive home has become globally known and one should not underestimate its 

contribution to building energy efficiency field, including research and calculate software 

development. 

8.3.1. Passive house concept and conditions 

In order to be considered a building as passive, it must meet the following 

conditions: 

- The building must be designed in such a way that its energy consumption for 

heating or cooling does not exceed 15 kWh/m2 per year OR for its maximum 

heating power not exceeding 10 W/m2; 

- The building must be designed so that its primary energy (heating, cooling, hot 

water supply, mechanical ventilation, lighting) does not exceed 60 kWh/m2 per 

year; 

- The air exchange coefficient of the building must not exceed 0.6 1/h at a pressure 

difference of 50 Pa OR the flow rate of the air should not exceed 0.05 ft3/min. 

In 2015, the Passive House Institute took a step further and supplemented the 

existing conditions by introducing passive house classes (see Figure 8.7.) based on 

additional condition– Primary Energy Renewable (PER): 

- Classic – a class that complies with the previous standard and specifies that the 

primary renewable energy consumption of the building should not exceed 60 

kWh/m2 per year; 

- Plus – a class that determines that the primary renewable energy consumption of 

the building should not exceed 45 kWh/m2 per year, and also produce at least 60 

kWh/m2 per year of primary energy from renewable resources; 

- Premium – a class that determines that the primary renewable energy 

consumption of a building should not exceed 30 kWh/m2 per year, and additionally 

produce at least 120 kWh/m2 per year of primary energy from renewable 

resources. 
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Figure 8.6. Passive house classification 

As you can see, the basic passive house conditions are already far beyond the 

conditions of the nZEB concept of Latvia, even not mentioning the newly constructed 

passive house classes 

8.3.2. Passive house basic principles 

Despite the passive house's strict conditions, the Institute of Passive House 

suggests some simple solutions to achieve these conditions (see Figure 8.8.): 

- Super insulation – the very good (super) and continuous thermal insulation of 

building structures is vital; in addition, research and experiments have shown that 

the role of heat capacity is even insignificant when there is a very good (super) 

thermal insulation; 

- No thermal bridges – when building structures are insulated, it is necessary to 

prevent the formation of any thermal bridges, thus ensuring the continuity of 

thermal insulation; 

- Air sealing – it has been shown in studies and experiments that air flow heat 

loses can get as much as heat transfer loses, therefore continuous sealing of 

building structures is vital, paying particular attention to connection points, 

conductors, outlets through sealing and so on; 

- Glazing – high attention should be paid to high-quality glazing (eg triple with 

selective overlay) and good window frames, which is also usually a window's 

weakness; 

- Location – in studies and experiments it has been proved that through glass 

surfaces there can be more net energy gain than loses annually (Solar gains), so 

when designing a building, the glazed surfaces should be maximally projected on 

the southern side of the building to obtain more effective solar heat, providing 
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shading (natural or artificial) during the summer, in order not to overheat the 

building; 

- Ventilation with recuperation – since the building is very well insulated and 

sealed, air exchange must be controlled with a high-quality ventilation system, 

which also provides ventilation heat loss recovery. 

 

 

 

Figure 8.7. Passive house basic principles 

In addition to these basic principles, there are many other suggestions that have 

proven themselves in practice, for example: 

- Incoming air preheating in grounded ventilation pipes; 

- Simplification of the building geometry to reduce the building volume and surface 

area ratio; 

- Use of concrete floor for light building constructions (timber) in order to increase 

the heat capacity of a building; 

- Planting the deciduous trees on the southern side for natural shade during the 

summer period and for gain Solar energy in winter; 

- etc. 

8.3.3. Passive house at summer 

Although the basic principles of a passive house are primarily intended to reduce the 

energy consumption of heating, it is equally important to reduce the energy consumption 

for cooling in the summer season. Passive house is designed in such a way as to 

maximize the Sun gains, with its large glazed surfaces on the south side. This solution, 

without additional conditions, will quickly lead to overheating during the summer period. In 

order to reduce the possibility of overheating during the summer period, Passive house 

recommends the basic principle of "Location", i.e. use the environment to ensure natural 

shadings (for example, leafy trees will create shading during the summer, allowing to use 

Sun gains in the winter) or artificial shadings (for example, knowing that the Sun is higher 
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in the summer than in winter, special skylights can be designed to provide shading right in 

the summer). Additionally, moments when the outside temperature is low enough to 

reduce the indoor temperature can be used, for example, ventilation with opening of 

windows (especially efficient drainage) or night-time ventilation. Here are some of the 

suggestions that should be considered when designing passive or nearly zero energy 

buildings (see shading protection example in Figure 8.9.): 

- Place (good access to the Sun light and at the same time protection against the 

western Sun light in the summer; during the summer, winds are possible; during 

the winter winds are limited); 

- Direction (the longest facade of the building facing the south, limited influence of 

the western facade in the summer); 

- Window position (maximize positioning to south, coating, which ensures that the 

Sun gains are possible for low winder Sun but reflects the summer's high Sun 

radiation); 

- Shading (overshoes and exterior blinds that ensure the Sun gains are possible for 

low winder Sun but reflects the summer's high Sun radiation); 

- Layout of rooms (most commonly used rooms are designed on the southern side 

for maximal usage of natural light); 

- Very good thermal insulation (according to the climate, reduces heat loss in winter 

and overheat in summer); 

- Air sealing (continuous barrier to reduce heat loss in winter and overheat in 

summer); 

- Ventilation (good air quality, heat recovery for maintenance of good temperature 

both in summer and in winter); 

- Thermal mass (smoother internal climate, reduces overheating possibilities, heavy 

structures have a high thermal inertia, in the case of light constructions concrete 

floors with high thermal inertia must be used); 

- Use of the external environment (leafy trees form shading in summer, allow the 

Sun gains to be used in the winter, the forest can protect from the western Sun in 

summer, other buildings can serve as shading, etc.). 
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Figure 8.8. Shading that protects form the summer Sun and at the same time allows to 

use Sun gains in winter 

8.4. Building energy performance data 

When assessing the energy performance of a building using the energy balance 

method, at least the following data is required: 

- Climate data and building basic data; 

- Building areas and their geometry; 

- Building engineering systems. 

As a result, for each selected time interval, there can be calculated the required 

energy and its distribution (heating, cooling, mechanical ventilation, hot water supply and 

lighting), the duration of the heating season, as well as the level of comfort in the building 

(frequency of overheating, relative humidity, etc.) is determined. In addition, an 

independent expert can prepare building energy performance improvements. 

8.4.1. Climate data and building basic data 

Depending on the geographic location of the building, its energy efficiency can 

change significantly (with other data are the same), for example, it will need more energy 

for heating in the coldest climate zone, and in the warmer climate zone it will need more 

cooling energy. The energy performance of a building requires at least the following 

climatic data: 

- Outdoor temperature; 

- Radiation of the Sun along the directions (north, east, south, west and horizontal 

directions). 

In addition to the climate data, the basic data of the building are required, some of 

them may be determined by the specific national laws, in the case of Latvia, the following 

basic data of the building are required: 

- Desired indoor temperature range (according to comfort level); 

- Building condition, type and characteristics; 

- Compliance with the minimal building energy performance level for heating; 

- Compliance with nearly zero energy building properties (compliance with the 

requirements of the microclimate to the requirements of the regulatory enactments, 

the building systems provide at least 75% of the ventilation heat loss during the 

heating period and at least partially ensure the use of renewable energy, the 

building does not have low energy fossil heating equipment). 

8.4.2. Building areas and their geometry 

Any building may be divided into one or more areas, each with its specific 

parameters and geometry, i.e. building elements. Consequently, each of the areas 

requires the following data: 
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- Area construction parameters (type of use, construction material, heated floor 

area, space volume, conditions between areas, if necessary); 

- Area ventilation parameters (air exchange rate, operation time, efficiency for 

ventilation with heat recovery, or inlet temperature, if different from that indicated in 

the climate data); 

- Area internal sources parameters (heat fluxes from the inhabitant, lighting and 

appliances, hot water systems, processes and objects, heating, air conditioning 

and ventilation, etc.); 

- Area heating and / or cooling breaks and "holiday" modes; 

- Area building elements parameters (type and direction of building element, area, 

heat transfer coefficient, linear and point thermal bridges, temperature outside the 

building element if different from the climate data given); 

- Solar influence parameters on the area building elements (for opaque building 

elements – absorption coefficient for solar radiation; for transparent building 

elements – parts of frame and glazing areas; glass transition coefficient); 

- Area building elements shading parameters (shaded projection area, shading of 

external obstructions, other shadings, including shadows with portability or timing 

conditions). 

To assess the thermal transmittance coefficient of building construction, it is 

necessary to know which materials it consists of, what their layers and structure is. In the 

case of a building structure consisting of homogeneous layers, such a building 

construction is called homogeneous, otherwise the building structure is called a 

heterogeneous. In addition, the heat transfer coefficient of a building construction can also 

be affected by fastenings, air slots or interlayers in it, the direction of the heat flow. Taking 

all this into account, an independent expert can calculate the thermal transmittance 

coefficient of each building construction. 

In some cases, the Latvian legislation stipulates the calculation of the heat transfer 

coefficient of building structures using a specially designed calculation: 

- Roof construction; 

- Type of floor and / or cellar; 

- Existence of an adjacent unconditioned space; 

- etc. 

8.4.3. Building engineering systems 

Engineering systems provide buildings with the energy they need for heating, 

cooling, mechanical ventilation, hot water supply and lighting. For each of the engineering 

systems, the following data is required: 

- Inlet energy parameters (supplied from the outside or produced within the system, 

whether it is basic or additional energy, energy carrier / source, current or planned 

consumption); 
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- Outlet energy parameters (is it primary or cogenerated energy, target of energy 

source, efficiency or COP, correction of climatic conditions of consumption, if 

required). 

8.4.4. Building energy performance assessment’s results 

As a result of the energy efficiency assessment of the building all the necessary 

information is obtained, on the basis of which the independent expert carries out further 

activities – prepares recommendations for improvement of the energy efficiency of the 

building, assesses the level of comfort of the building. The result is the following: 

- Assessment of the required energy and its distribution, their maximum capacity 

(for heating, cooling, mechanical ventilation, hot water supply and lighting); 

- Energy assessment for each engineering system; 

- Assessment of primary energy and carbon dioxide emissions; 

- Building compliance with minimum energy efficiency requirements; 

- Conformity of the building to requirements of nearly zero energy buildings. 

8.4.5. Building energy performance improvements 

If the building does not meet the desired or required energy efficiency requirements, 

an independent expert can make recommendations for improvements in the energy 

performance of the building, which can improve any of the energy efficiency parameters: 

- Parameters characterizing the building (specific heat loss coefficients of the 

building envelope and the ventilation heat loss of the building, thermal energy 

recovery, air exchange ratio); 

- Assessment of the required energy and its distribution, their maximum capacity 

(for heating, cooling, mechanical ventilation, hot water supply and lighting); 

- Heat gains, renewable and primary energy (internal and solar gains, energy from 

renewable sources, primary energy); 

- Carbon dioxide emission assessment; 

- Comfort level in the building. 

8.4.6. Building comfort level 

Nowadays, raising the level of energy efficiency of the building and not thinking 

about the comfort is not enough, because what would it be the point from a nearly zero 

energy building if inhabitants were not able to stay there. That's why the new standard 

version of the energy efficiency of the European Commission building highlights the level 

of comfort in the building, with particular emphasis on things like air humidification and 

dehumidification, overheating, etc. 

The internal climate, like the outside one, is determined by temperature and 

humidity, it is therefore important that these two parameters be in the optimal range. In 

addition, the internal climate determines not only the level of human comfort, but also 
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affects the longevity of building structures, the mold formation, etc. The level of comfort is 

characterized by criteria such as: 

- Daily temperature fluctuations; 

- The frequency of overheating during the summer season; 

- Maximum moisture and dew point; 

- Excessive moisture frequency. 

8.5. Existing software 

As already mentioned, the building energy performance assessment is calculated 

according to the defined procedure. Nowadays, there are many calculation software that 

provides both a fully-fledged building energy performance assessment procedure and just 

a part of it, but in a substantially more detailed way. Technological software is also 

implemented in a variety of ways - from Excel based to modern web-based solutions. 

8.5.1. Passive House Planning Package (PHPP) 

A program for calculating the building energy efficiency assessment developed and 

certified by the Passive House Institute. The world's most popular software for passive 

house designing. 

Designed as Excel-based software, it currently has version 9.6 and offers the 

following features and limitations: 

- Address: http://passivehouse.com/04_phpp/04_phpp.htm; 

- Quite comfortable user interface with input parameters based on practice; 

- Data constraints due to Excel based solution (maximum building elements, 

shading, etc.); 

- Contains the list of certified components of the Passive House Institute; 

- Supports a full evaluation of the building energy performance assessment; 

- Supports any climatic data, however, this data should be defined by the user 

himself; 

- Supports only one building area; 

- Supports only homogeneous constructions; 

- Supports only some defined internal heat benefits; 

- Supports the definition of primitive improvements; 

- Supports practice parameter based summer outcomes calculations (ventilation, 

overheating, cooling capacity and capacity); 

- Supports specific engineering systems (solar collectors and panels, electricity 

consumption planning, heat pumps, water boiler); 

- Generation of a certificate of support according to the Passive House Institute. 

http://passivehouse.com/04_phpp/04_phpp.htm
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8.5.2. DesignPH 

Passive House Institute developed software for building geometry construction and 

material data preparing as input data for PHPP. 

Designed as a Google SketchUp plugin application, it currently has version 1.5 and 

offers the following features and limitations 

- Address: http://passivehouse.com/04_phpp/04_phpp.htm; 

- Building geometry construction and building elements; 

- Very convenient data preparation using Google SketchUp; 

- Data preparation for PHPP format. 

8.5.3. EFA 

“PAIC” Ltd developed software for calculating the building energy performance 

assessment. The program is designed in accordance with Latvian legislation but is no 

longer updated in accordance with the latest Latvian laws and regulations. 

Designed as an Excel-based software, at the moment it has the 2.0 version and 

offers the following features and limitations 

- Designed specifically for Latvian normative acts and climatic data (no longer 

complies with current regulatory enactments); 

- Quite comfortable user interface; 

- Data constraints due to Excel based solution (maximum areas, building elements, 

shading, etc.); 

- Supports partial calculation of the building energy performance assessment (does 

not support engineering systems); 

- Only 3 building areas supported; 

- Does not support construction design; 

- Does not support definition of improvements; 

- Does not support the presentation of the summer period results; 

- Generation of a certificate of support in accordance with Latvian regulatory 

enactments (no longer complies with current regulatory enactments). 

8.5.4. Heatmod 

“PAIC" Ltd developed comprehensive software for calculating the building energy 

performance assessment. Designed and maintained in accordance with Latvian legislation 

and climatic data. 

Designed as a web-based software, it currently has version 6.3 and offers the 

following features and limitations 

- Address: http://www.heatmod.lv; 

http://passivehouse.com/04_phpp/04_phpp.htm
http://www.heatmod.lv/
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- Convenient user interface with extensive features; 

- Does not contain artificial restrictions, as in the case of Excel based software; 

- Contains the database of materials corresponding to the regulatory enactments of 

the Republic of Latvia; 

- Supports a fully-fledged calculation of the building energy performance 

assessment, in addition to complying with Latvian regulatory enactments; 

- Supports climatic data of Latvia; 

- Supports several building areas; 

- Supports homogeneous and heterogeneous structures (including temperature 

curve); 

- Supports a wide range of internal heat benefits; 

- Support the definition and comparison of improvements; 

- Does not support the detailed outcomes of the summer period; 

- Supports the flexible definition engineering systems; 

- Support the generation of a certificate in accordance with Latvian regulatory 

enactments. 

8.5.5.  “www.energoauditors.eu” web-based software 

Software developed by Kalvis Ozoliņš for primitive calculation of the building energy 

efficiency assessment based on heat loss through construction and ventilation. 

Designed as a web-based software, it currently has the 1st version and offers the 

following features and limitations 

- Address: http://www.energoaudits.eu/energoaudit_online/; 

- Convenient user interface with some options; 

- Only a few materials and window types are supported; 

- Supports a limited and rough estimate of the energy performance of a building; 

- Supports primitive homogeneous constructions; 

- Does not support the definition of internal heat gains and solar gains; 

- Supports the definition and comparison of primitive improvements; 

- Does not support the detailed outcomes of the summer period; 

- Does not support the definition of engineering systems; 

- Supports the creation of a primitive certificate for own usage only. 

http://www.energoaudits.eu/energoaudit_online/
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8.5.6. Building structure thermal technical analysis 

The heat engineering analysis of the building structure (temperature, pressure, 

humidity, dew point, etc.) software developed by Sandris Liepiņš. Designed in accordance 

with Latvian regulatory enactments. 

Designed as desktop application, it now has the 1st version and offers the following 

features and limitations 

- Download by: http://www.energoauditors.com/lejupielades-programmas; 

- Convenient user interface with extensive features; 

- Contains the database of materials corresponding to the regulatory enactments of 

the Republic of Latvia; 

- Supports building construction creation (walls, roofs, ceilings, floor, etc.) and 

thermal engineering (temperature, pressure, humidity, dew point, etc.); 

- Contains the database of materials corresponding to the regulatory enactments of 

the Republic of Latvia; 

- Supports up to 14 layers of construction; 

- Supports climate data of Latvia, definition of climate data; 

- Supports homogeneous and heterogeneous structures. 

8.5.7. Simple building energy efficiency calculator 

"DAEG" Ltd developed software for simple calculation of the building energy 

efficiency assessment, which is intended for some typical types of multi-apartment 

buildings in Latvia to estimate the approximate cost of their improvements. 

Designed as desktop application, it now has the 1st version and offers the following 

features and limitations 

- Download by: https://www.energoefektivitate.com/energoefektivitāte/vienkāršotais-

energoefektivitates-kalkulators; 

- User-friendly interface with minimal capabilities; 

- Supports a primitive and rough estimate of the energy performance of a building 

only for some typical multi-apartment building types in Latvia to estimate the 

estimated cost of their improvements. 

8.5.8. Building energy efficiency calculator 

ZREA (Zemgale Regional Energy Agency) developed software for simple calculation 

of the building energy efficiency assessment, which is designed to estimate the cost of 

improvements to a multi-apartment building in Latvia. 

Designed as desktop application, it now has the 1st version and offers the following 

features and limitations 

http://www.energoauditors.com/lejupielades-programmas
https://www.energoefektivitate.com/energoefektivitāte/vienkāršotais-energoefektivitates-kalkulators
https://www.energoefektivitate.com/energoefektivitāte/vienkāršotais-energoefektivitates-kalkulators
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- Download by: 

http://www.zrea.lv/lv/energoefektivitate_168/eku_energoefektivitates_kalkulators_5

81; 

- User-friendly interface with minimal capabilities; 

- Supports an estimate of the cost estimates of the estimation of energy efficiency 

estimates and their improvements in the primitive and rough multi-apartment 

building in Latvia. 

8.5.9. Rockwool web-based calculation software 

Rockwool Ltd. developed software for simple calculation of the building energy 

performance assessment. 

Designed as a web-based software, it currently has the 1st version and offers the 

following features and limitations: 

- Address: http://www.rockwool.lv/palidzet/programmas/energija/; 

- User-friendly interface with minimal capabilities; 

- Supports a primitive calculation of the building energy resource consumption. 

8.5.10. EDSL Tas 

"EDSL" Ltd developed dynamic simulation calculation software, which is designed 

for 3D simulations for heat engineering analysis. 

Designed as desktop application, it currently has the 9.4.1 version and offers the 

following features and limitations 

- Address: http://www.edsl.net/main/; 

- Convenient user interface with extensive features; 

- Dynamic simulation calculating program for 3D simulations for thermal analysis 

(2D projections, etc.); 

- Supports any climatic data, however, this data should be defined by the user 

himself; 

- Supports complex geometry, design and process assignments and research; 

- Heating and cooling energy and power determination; 

- Supports complex ventilation types; 

- Supports simulation and comparison to real data. 

8.5.11. Other software 

In essence, for calculating the building energy performance assessment, either full 

or a part of it, any dynamic simulation program that supports thermal physics can be used. 

http://www.zrea.lv/lv/energoefektivitate_168/eku_energoefektivitates_kalkulators_581
http://www.zrea.lv/lv/energoefektivitate_168/eku_energoefektivitates_kalkulators_581
http://www.rockwool.lv/palidzet/programmas/energija/
http://www.edsl.net/main/
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8.6. Conclusions 

Despite the fact that the process of calculating the building energy performance 

assessment is well described, there are very few high-quality software products that 

provide this process in its full implementation. There might be many reasons for this, but 

one of the most significant reason seems to be the impact of the Passive House Institute. 

Passive home concept has become so popular that it is been introduced in many parts of 

the world, and in turn, to certify compliance with the passive home concept, all 

calculations must be carried out with the certified PHPP software. This creates a kind of 

monopoly situation on the global market for the appropriate software, as it is easier to 

target specific country climatic data and to use existing software than to create a new one. 

Latvia's situation is quite successful in the sense that historically several building 

energy efficiency assessment software were developed and still maintained, resulting in 

the current availability of a fully-fledged Heatmod product, which complies both with 

Latvian regulatory enactments and with the climatic conditions of Latvia. In addition, there 

is a very promising product for heat engineering analysis of building structure developed 

by Sandris Liepiņš. Together, they support major of cases for building energy efficiency 

assessment in Latvia. 
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General conclusions 

In the result of completion of project activity, No 3 “Preliminary studies of selected 

materials, technologies, buildings and their management systems in terms of 

compatibility, impact on the quality of life and sustainability to clarify the solving 

problems” (next activity after activity No 2) which was implemented during a period of 9 

months from 1 July 2017 till 31 March 2018 the following aspects of nZEB were 

preselected, described and characterised in this report: 

- Possible local (regional) and innovative materials and structural solutions 

(especially also light weight and wooden product structures) for nZEB;  

- Potentially usable heating, ventilation and cooling systems (HAVAC) which include 

both passive solutions (for example phase change materials (PCM)) and usage 

of different assessable renewable resources (e.g. heat pumps) which is 

mandatory for nZEB; 

- Management systems of smart buildings (BMS), data exchange protocols and 

alternatives for its software; 

- Necessary sensors (especially wireless) for management and monitoring, data 

collection and accumulation; 

- Possible options for using energy efficiency calculation programs that ensure 

correspondence to both EN standards and Latvian Building regulations 

(Regulations of the Cabinet of Ministers) for designing nZEB’s; 

- Aspects important to ensuring good environment quality for people’s lives and the 

sustainability of building structures; 

- Possible solutions for small public nZEB’s as well as for light carcass and 

container type buildings for further evaluation. 

Different sources of information (scientific and technic literature, scientific and 

technical reports, other information sources including materials on the internet, also 

seminars, conferences and exhibitions, as well information from branch professionals) 

are also listed and characterised in this report.  

The main goal of this project activity - to identify and made preliminary studies for 

possible sustainable materials, constructive solutions, building systems and their 

management software that in principle can be used in nZEB in a temperate climate 

zone, including Latvia, and for which it would be useful to do deeper analysis and testing 

of relevant physical characteristics in laboratory (Activity No 4) and also in real 

exploitation conditions - is reached. 

Objects for trials in real climate conditions and long-term monitoring activities are 

chosen: 

- Existing energy efficiency testing plant at the Botanic garden of University of 

Latvia with five small buildings equipped with different heating, ventilation and 

cooling systems and with sensors and data acquisition systems for long-term 

monitoring; 
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- Business support centre SALA in Aloja which is built in 2016 according to nZEB 

requirements; 

- Business park in Riga constructed several years ago with high level energy 

efficiency requirements.  

Focus directions of future research activities are formulated: 

- testing of different perspective for nZEB local and innovative materials in laboratory 

conditions and also in real climate conditions; 

- development of light weight structures and using of wooden products for nZEB 

applications (because wood is typical local resource) in combination with innovative 

insulation materials; 

- Analysis of sustainability of complex and energy saving building structures, 

especially dynamic of moisture and mould growth risks;  

- Solutions for the public nZEB because already from 2019 the public buildings in 

Latvia should be built according to nZEB requirements on energy efficiency set 

out in the EU Parliament directive 2012/27/ES which are described in detail in 

Regulation of the Cabinet of Ministers from 2013 No 383 about energy 

certification of buildings.  

To work out the possible solutions for future research and applications in this stage 

several nZEB project sketches were developed and discussed, they will be developed in 

details and their energy efficiency analysis is planned in future phases of work.  

Data collected and analysed in this project activity is sufficient for future in deep 

research and for successful realisation of project us whole.  
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