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Abstract. The assessment methodology for the sustainability of buildings is based on the analysis of environmental, social and economic 
performance. The main purpose of the paper is the presentation of energy-related conditions and envelope properties as well as methodology 
aspects. The first part of the paper presents the literature review on sustainability and zero-energy buildings. The second part is devoted to 
describe different energy indicators for the evaluation of primary energy requirements and energy characteristic. The last section describes the 
general methodology for characterization of energetic properties of the building envelope and gives examples from literature of the effect of 
applications in a building’s envelope an aerogel based thermal insulation for higher thermal transmittance and a PCM for higher latent heat 
capacity with general description of results obtained by other authors. The crucial measure is the use of high thermal performance components 
for the building’s envelopes combined with the heat storage potential. In the context of sustainability, energy related conditions constitute a new 
set of indicators for identifying the usefulness and the efficiency of new technologies.
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can be significantly reduced by passive and active technologies 
application. However, in high energy-efficient buildings, the em-
bodied energy can amount almost 45% of the energy demand 
during the operational stage [3, 4]. The possible increase of em-
bodied energy indicates that a more extensive methodology for 
setting a building’s regulations may be required [5].

The papers reviewed have proposed various definitions for 
‘‘zero energy buildings’’ (ZEB) including ‘‘life-cycle ZEB’’ (the 
embodied energy plus the operational energy) or ‘‘net ZEB’’ 
(the building-grid adaptability and the balance over a period 
of time) [6, 7, 8]. The zero energy building definition also in-
cludes the idea that the efficiency measures sequence includes 
the following steps:
– reducing the building’s energy demand through low-energy 

technologies;
– use of renewable energy sources (available within the 

building or at the site and off site [9, 10].
Finally, low-energy technical solutions for envelopes in zero 

energy buildings are important including construction products 
with very high thermal resistance resulting in the high thermal 
performance of the envelope [11], especially aerogel-based 
[12‒15] and heat storage construction products especially based 
on phase change materials, resulting in the high thermal sta-
bility of structures [16‒18].

The main purpose of the paper is the presentation of energy-re-
lated conditions and envelope properties as well as methodology 
aspects for sustainable buildings and construction works. The first 
part of the paper presents the literature review on sustainability 
and zero-energy buildings. The second part is devoted to describe 
different energy indicators for the evaluation of primary energy 
requirements and energy characteristic. The last section describes 
the general methodology for characterization of energetic proper-
ties of the building envelope and gives examples from literature 

1. Introduction

The concept of sustainable development originated during 
the final decades of the previous century and is still evolving. 
Overall energy consumption is considered to be a relevant part 
of the use of natural resources, and energy-related requirements 
for construction works plays a crucial role, as buildings use 
nearly 40% of total energy demand, resulting in almost 30% of 
greenhouse gas emissions. For this reason, the issue of energy 
efficiency has become a subject of discussion and research, both 
in terms of sustainability and development, providing the back-
ground for the standardisation and requirements in this field.

This paper has followed a number of other authors in consid-
ering whole life-cycle energy demand through the construction 
and management of buildings across its value chain, including 
material and construction products manufacturing, design and 
engineering services, onsite construction and service compa-
nies, property developers and facility managers and the end of 
life phase. Since energy use is closely related to cost, including 
the cost of emissions of greenhouse gases, economic evalua-
tion is one of the possible dimensions for the optimisation of 
a building’s energy efficiency measures. The cost-optimal level 
of building energy performance is determined as the lowest 
level of total energy-related cost during the expected lifespan.

Based on an analysis of results from more than 70 cases 
across Europe, Asia and North America, the use stage for typical 
buildings accounts for nearly 85% of total energy demand, as 
well as embodied energy in construction products and during the 
construction process accounts for nearly 15 % of total energy 
demand [1, 2]. A building’s whole life-cycle energy performance 
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of the effect of applications in a building’s envelope an aerogel 
based thermal insulation for higher thermal transmittance and 
a phase change material for higher latent heat capacity with gen-
eral description of results obtained by other authors.

2. Energy use in sustainability 
vs. development dimensions

The implementation of the concept of sustainable development 
in the construction has led to the creation of several new fields 
of research referring to building materials and structures during 
their lifespan [19‒21]. However, since the very beginning, a dif-
ferent emphasis was put on either development or sustainability 
aspects [22].

The different approaches could be described as follows:
– focused on equilibrium between economic, social and en-

vironmental sectors;
– focused on sustainability in the use of natural resources 

taking into account the needs of future generations;
– oriented on sustainable development as the increase now 

and in the future for the well-being for the greatest possible 
number of people [23].
The evolution of this topic with the emphasis on energy use 

can be traced to a paper [24]. The report presents the following 
rationale for the necessity of the change of global and local 
policies towards sustainability:
– the progressive degradation of the environment and reduc-

tion of natural resources and, as a consequence, the growing 
risk to progress,

– the expectation that a central sustainable development prin-
ciple implies economic growth increasing the natural re-
source base.
From the standpoint of sustainability, the key energy-related 

issues were identified as follows:
– adequate energy supplies to meet global need,
– energy efficiency and conservation,
– protection against pollution related to energy use.

Modifying energy consumption patterns in building material 
production methods, construction works, buildings and urban 
environment is addressed in several parts of United Nation 
conferences and summits reports [25‒27]. The need to further 
mainstream sustainable development at all levels and its spe-
cific dimensions – economic, social and environmental – and 
recognizing their interrelations have been identified. The adop-
tion of energy efficiency programmes in building management 
is addressed in the framework, dealing with urban planning, 
including the revitalisation of older cities and neighbourhoods 
as well as the reduction of the negative impact of urban activity, 
including the more efficient use of energy within sustainable 
and resilient buildings.

Very early initiatives concerning the implementation of the 
sustainable development idea in construction works focused on 
the sustainability dimension [28]. The main issues for built envi-
ronment sustainability have been related to environmental quality, 
including the reduction of inconvenience, risks and related costs 
as well as health, comfort and indoor environment quality.

This may also be confirmed by the outcome of international 
standardisation in this field. The international ISO and CEN 
standards cover life-cycle assessment of environmental, social 
and economic performance. The European standards are cate-
gorised in Fig. 1.

Despite the standardised nature of the aforementioned clas-
sification, in practice, a method based on a three-dimensional 
energy-related evaluation can be used to calculate the maximum 
value of the building’s energy performance resulting in the min-
imum value of life-cycle cost and environmental impact [29], 
as shown in Fig. 2. With such a method, energy-related social 
performance (required indoor comfort: thermal and visual as 

Fig. 1. The groups of CEN on sustainability assessment in environ-
mental, social and economic dimensions
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well as air quality) is implicitly included as an input for energy 
performance. Since environmental impacts, e.g. emission of 
gases resulting from energy use, may be described in terms 
of cost, the assessment can be performed in two dimensions: 
energy performance versus life-cycle cost.

3. Energy indicators and requirements development

Due to the lack of a universally established common definition 
of sustainable development, as described in the previous section, 
there is no harmonised system for measuring general and specific 
aspects of the dimensions of sustainability and development. In-
ternational standardisation has been focused on the sustainability 
of construction works vis-à-vis the development aspects, subject 
to requirements both obligatory, stipulated by the state and vol-
untary, as part of several environmental certification systems.

For energetic properties, as with other sustainable devel-
opment aspects, different indicators were proposed to enable 
the assessment of sustainability, as well as indices, providing 
a numerical system for comparing variables that can change in 
respect to fixed standards in order to assess the development. 
The common accepted indicator is the total primary energy de-
mand per reference unit (e.g. m2 of a building useful area or kg 
or m3 for construction products). The primary energy demand 
is divided into both non-renewable and renewable energy com-
modities, which cover fuel, as well as heat and power.

Primary energy is defined as energy derived directly from 
natural resources, taking account of the whole energy supply 
chain for energy delivery to a place of use: a manufacturing 
site, construction site or a building. Secondary energy commod-
ities (fuels) can be produced from primary commodities. Fig. 3 
shows the set of energy-related indicators commonly used for 
construction products.

The amount of energy can be determined by taking into 
account the construction products life cycle stages, as shown 
in Fig. 4, (standard designations A-D according to [37]).

The amount of energy related to the last stage of the life 
cycle (determined as negative values) shows the benefits of 

a circular economy, where the value of resources can be recov-
ered after the end of life and can be maintained in the economy. 
This is the recoverable part of embodied energy.

Fig. 2. Evaluation of the following dimensions: X1 – Building energy 
performance, X2 – Life-cycle costs, X3 – Life-cycle environmental 

impacts

Fig. 3. The energy-related indicators commonly used for construction 
products

Fig. 4. The cycles of stages in construction products life
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The energy indicator value can also be determined for 
a specific unit, relevant for the typical use of a construction 
product, e.g. thermal resistance (m2K/W) for thermal insulation 
products.

Fig. 5 shows the results of the assessment of modules A1– A3, 
according to Environmental Product Declarations (EPD) for sev-
eral different thermal insulation construction products available 
on the European market in the following types:
– expanded polystyrene (EPS),
– cellular glass (CG),
– vacuum insulation panels (VIP),
– flexible elastomeric foam (FEF),
– mineral glass wool (MWglass),
– in-situ formed sprayed rigid polyurethane (PUspray),
– polyurethane foam (PU),
– expanded polystyrene with graphite addition (EPSg),
– polyisocyanurate foam (PIR),
– extruded polystyrene foam (XPS),
– mineral rock wool (MWrock),
– expanded perlite (EP),
– phenolic foam (PF).

Fig. 6 shows the results of the assessment for module D, 
however, for a number of product types, the declaration of en-
ergy indicator values is not used.

For a given sample, the mean value of the total primary 
energy for the factory production stage per thermal resistance 

unit is nearly 100 MJ/(m2K/W), with less than 15% of it coming 
from renewable sources. For products for which the potential of 
primary energy recovery has been declared, the average value 
is nearly 10 MJ/(m2K/W). In current practice, energy indicator 
values for construction products are usually determined ex-
cluding the use stage (Modules B), since this part is incorpo-
rated into the evaluation of a building’s energy characteristic 
according to European regulations [38, 39]. Fig. 7 shows steps 
of the cost-optimal methodology framework.

Global costs expressed in monetary units are calculated as 
follows:

 Cg(τ) = CI + ∑ j[∑ i
τ Ca, i, jRd, j + CCO2, i, j ¡ Vf, τ, j] (1)

where:
τ – is the calculation period, in years;
CI – is the initial investment cost for the variant of measures j, 
in monetary units;
Ca,i, j – is the annual cost during year i for the variant of mea-
sures j, in monetary units;
Rd, j – is the dimensionless discount factor for year i based on 
the discount rate;
CCO2, i, j – is the discounted CO2 equivalent emissions cost for the 
variant of measures j during year i, in monetary units;
Vf, t, j – is the discounted residual value for set of measures j at 
the end of the calculation period, in monetary units.

Fig. 5. The results of the assessment according to EPD for several 
categories of thermal insulation construction products for factory 

production stage

Fig. 6. The results of the assessment according to EPD for several 
categories of thermal insulation construction products: benefits after 

the end-of-life stage (potential for energy recovery)

Total use of primary energy per thermal resistance  
for A1–A3 modules, MJ/(m2K/W)

Potential of primary energy recovery per thermal resistance  
for D module, MJ/(m2K/W)
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sensitivity analysis can be performed to assess the propagation 
of uncertainty on final results [41].

The energy characteristic of a building is defined as the 
amount of energy demand associated with the typical use of 
the building. Within the defined system boundaries energy can 
be delivered or exported. Energy losses in the technical systems 
of the building are explicitly taken into account. Outside of 
the system boundaries, energy losses are taken into account 
through the primary energy factors established at state level. 
Energy commodities, which cover both fuel as well as heat 
and power (electricity) from on-site renewables, are character-
ised by the lowest values, followed by off-site renewables and 
non-renewables (the highest value of the factor is applied for 
the grid mix electricity).

The list of primary energy factors for Germany (total and 
for non-renewable) and Poland (only for non-renewable factors) 
are shown in Fig. 9 [40, 42].

Fig. 7. The steps of the cost-optimal methodology framework

Fig. 8. An example of the determination of the cost optimal level of the 
primary energy for the selected category of buildings in Poland – existing 
hospital building which is subject to modernisation (five different pack-
ages of measures and five different of types of energy commodities) [40]

Primary energy indicator (space heating), (kWh/m2a)

Global cost (PLN/m2

Fig. 9. Primary energy factors for Germany (total and for non-renew-
able) and Poland (only for non-renewable factors)

Primary energy factors values

The result of the calculation is the optimal cost for energy 
performance requirements. Fig. 8 provides an example of the 
method for a specific reference type of building in Poland, an 
existing hospital building subject to modernization.

Due to the uncertainty of input data for the global cost de-
termination, i.e. energy price development scenarios for energy 
commodities and changes over the time of the discount rate, 
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The energy indicator expressed e.g. in kWh/m2a of the 
building is calculated as follows [43]:

 EP = ∑iED,ifi ¡ ∑iEE,ifi (2)

where:
ED, i – is the delivered energy for energy commodity ‘i’, e.g. 
in kWh/m2a;
EE, i – is the exported energy for energy commodity ‘i’, e.g. in 
kWh/m2a;
fi – is dimensionless the primary energy factor for energy com-
modity ‘i’.

The direction of calculation is from the building’s energy 
needs to the primary energy. There are passive and active mea-

sures for the reduction of energy needs. Electrical services 
(lighting, ventilation, auxiliary) and thermal services (heating, 
cooling, domestic hot water) are considered separately inside 
the building. For the various technical energy systems, a cal-
culation can be performed using annual or monthly average 
values. The relationship between energy performance calcula-
tion components is shown in Fig. 10.

In voluntary environmental certification systems, the assess-
ment of the development in the energy performance of buildings 
is based on inspecting improvements that go above national 
building regulations. The evaluation of such relative improve-
ments is used in the LEED certification system [44]. This ap-
proach is based on the building’s reference energy performance. 
The minimum level of energy efficiency is established in the 

Fig. 10. The relationship between energy performance calculation components
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form of a percentage improvement in the building’s proposed 
performance (“a representation of the building’s proposed de-
sign used as the basis for calculating the design’s energy cost”) 
compared with the baseline building performance (“a digital 
representation of a hypothetical design’’) according to regula-
tions. In the U.S., minimum energy efficiency requirements for 
newly constructed federal buildings – commercial and residen-
tial – have been set out in the standard [45]. In this approach, 
a baseline for energy related costs is determined using building 
energy simulation [46, 47].

In the LEED evaluation, total energy demand includes 
the needs for heating, ventilation, air conditioning (HVAC), 
lighting and for domestic water heating. The process energy 
includes office and general miscellaneous equipment in the 
building e.g. computers, elevators, waterfall pumps. There are 
also other energy related aspects in the LEED certification 
system concerning peak energy demand, energy metering, use 
of energy management systems and energy from renewable 
sources.

The improvements in the energy performance of the building 
above national building regulations is also recognised in the 
BREEAM certification system, which first evaluates heating 
and cooling energy demands. The BREEAM schemes stimulate 
reductions in CO2 emissions through rewarding good practice 
and the implementation of individual energy-saving measures 
[48, 49].

4. Energetic properties of the building envelope

According to the measures hierarchy, the basic measure is 
reducing site energy demand through building technologies. 
The high thermal performance of the building envelope (the 
building fabric) and the capability of buildings to store heat are 
two energetic conditions necessary for the building’s thermal 
stability and the effective utilisation of heat gains (solar and 
internal) in the heating season resulting in the lowering of the 
energy demand. The building energy needs are also influenced 
by other envelope parameters, such as the airtightness (having 
an influence on uncontrolled air exchange) and the total solar 
energy transmittance for transparent elements and solar protec-
tion devices against overheating.

The thermal stability of the building envelope can be de-
fined as the ability to keep the internal surface temperature 
within acceptable limits, taking into account varying external 
and internal conditions, including changes in climate condi-
tions (air temperature and solar radiation) and the time-varying 
operation of space heating or cooling systems. The thermal re-
sistance and thermal capacity of partitions have a significant 
influence on lowering the systems peak power and the potential 
of thermal storage, including for instance, night cooling during 
the summer, which involves intensive night ventilation of the 
building in order to protect it against the daily fluctuation in 
air temperature.

Most modern building envelope structures represent com-
plex three-dimensional objects consisting of structural and 
filling elements. For this reason, the thermal performance of 

the building envelope, which contains various opaque and trans-
parent components, is determined by modelling the envelope 
which is partitioned into several sections by using cut-off planes 
between adiabatic boundaries, so that the thermal transmittance 
of the overall envelope can be obtained as the area weighted 
average of the thermal transmittance of filling elements, with 
additional corrective terms describing the thermal interaction 
between the elements in each section (Fig. 11). This method 
can be used for any walling and roofing systems (e.g. unitised 
systems, stick systems, structural sealant glazing, structural 
glazing and other types of curtain walling) [50].

For each section, numerical modelling of the heat transfer 
through a complete part of the envelope including structural 
elements, e.g. mullions, transoms and filling elements – such as 
glazing units or opaque panels – can be applied. Since in most 
cases, it is difficult to separate heat flowing through structural 
elements and filling elements, the total heat flow rate Φtot ex-
pressed in W is calculated using three-dimensional temperature 
field modelling and includes:
– heat flow rate through filling elements (ΦFE, one-dimen-

sional heat flows perpendicular to the surface of the filling 
elements);

– heat flow rate ΦSE through the structural element including 
edge heat flows due to the thermal interaction between the 
filling elements and the structural elements.

Fig. 11. Sections A, B and C and two types of filling elements:  
1 – opaque, 2 – transparent
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In a steady state of heat transfer (at the constant tempera-
ture difference Δθ between internal and external environ-
ments expressed in K), the heat transfer coefficient Htot can 
be considered in terms of the area-related (AFE in m2) thermal 
transmittance of filling elements UFE expressed in W/m2K and 
length-related (lSE in m) linear thermal transmittance ΨSE ex-
pressed in W/m£K (Fig. 12).

 Htot = ΨSElSE + ∑iUFE, i AFE, i (3)

The formula is valid only for a steady state of heat transfer. 
For analysis of transient heat transfer numerical modeling of 
dynamic temperature fields is needed to assess the effects of 
heat storage. The energy balance method is used for all con-
trol volumes around the material nodes of numerical model of 
a complete part of the envelope including structural elements, 
e.g. mullions, transoms and filling elements. In such a model, 
latent heat and the material volume heat capacity is taken into 
account.

The general review of results reported by other authors 
gives examples of the effect of applications in building’s en-
velope an aerogel based thermal insulation for higher thermal 
transmittance and a phase change material for higher latent heat 
capacity.

At present, the thermal transmittance of the envelope ele-
ments for the European construction sector varies from less than 
2.0 W/m2K for typical technical solutions of curtain walling 
(e.g. maximum thermal transmittance of curtain walling for 
dwellings in England is 2.0 W/m2K, maximum average U values 
for new residential buildings in Germany from 1st January 2016 
for curtain walls is 1.5 W/m2K) to less than 0.8 W/m2K in the 
case of passive buildings applications. However, both opaque 
and transparent filling elements can usually be characterised 
by high thermal resistance, due to the use of thick thermal 
insulation layers and the use of insulated glass units, typical 

structural elements that can significantly increase the thermal 
transmittance of the whole components.

One of the possible measures to improve thermal resistance 
of this part of the structure is the application of aerogel-based 
thermal insulation materials as a thermal break between filling 
elements [51].

As a result of the implementation of new requirements 
concerning thermal transmittance of envelope parts (e.g. less 
than 0.15 W/m2K for walls in passive buildings) aerogel based 
thermal insulation materials are regarded as one of the most 
advanced products for the construction sector with low thermal 
conductivity and the possibility for transmittances in the solar 
spectrum, used also in panels by applying low-pressure to an 
aerogel material [52, 53].

The building envelope thermal properties are assessed and 
conditioned not only in terms of thermal performance, which 
refers to the constant thermal conditions, but also in terms of 
the sensitivity to changes in these conditions over time.

For complex structures, dynamic two-dimensional or 
three-dimensional temperature field modelling can be used 
for the determination of equivalent elements, which have the 
same dynamic thermal behaviour for use in transient energy 
simulation software, capable of modelling the whole building 
energy need, but where the heat flow through the envelope is 
usually regarded as a one-dimensional transient (e.g. TRNSYS, 
EnergyPlus software). In dynamic analysis, a finite difference 
or finite elements modelling is used for each of the two- or 
three-dimensional elements [54–57].

A study of the dynamic properties of building partitions is 
often undertaken on account of the introduction of new con-
struction materials and products, used in place of traditional 
types of construction, e.g. based on PCM for achieving higher 
thermal stability and reducing indoor air temperature fluctu-
ations. This paper has followed a number of other authors in 
considering issues related to the impact of the thermal capacity, 
latent heat thermal storage (LHTS), the optimal melting tem-
peratures of PCM, the optimum layouts and dimensions of the 
material layers. Based on literature results systems with PCM 
for heat storage have been recognised as one of the advanced 
technologies for passive and active building applications [18, 
58‒61]. The range of applications covers envelope parts and 
different applications for buildings technical systems [62, 63]. 
The effect of PCM layer thickness and phase-change tempera-
ture on the thermal storage behaviour has been analysed using 
whole building dynamic simulation as well as whole life-cycle 
cost and energy analysis [64‒69].

5. Conclusions

Energy-related conditions are crucial for the implementation 
of sustainable development in the construction and building 
sector. However, there is no univocally established definition of 
sustainable development, and different emphasis is put on either 
development or sustainability aspects of energy performance. 
In the sustainability dimension, international standardisation 
is based on the life cycle assessment of environmental, social 

Fig. 12. The area-related thermal transmittance of filling elements UFE 
and length-related linear thermal transmittance ΨSE in sections A
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and economic performances where main energy related aspects 
have been represented by:
– primary energy demand and energy use related greenhouse 

emissions (environmental sub-dimension);
– required indoor comfort: thermal, visual and air quality (so-

cial sub-dimension);
– life-cycle cost (economic sub-dimension).

The development aspects are subject to requirements, both 
obligatory at State level, and voluntary, as part of environmental 
certification systems. The optimisation leading to the determi-
nation of the minimum value of the building’s energy perfor-
mance which meets social performance requirements resulting 
in the minimum value of life-cycle cost and environmental 
impacts can be considered the link between sustainability and 
development dimensions.

Several definitions of zero energy buildings have been pro-
posed in the literature:
– life-cycle zero energy buildings (LC-ZEB),
– net zero energy buildings (Net ZEB),
– nearly zero-energy buildings (NZEB).

The energy-related options hierarchy as the primary measure 
provides for reducing the building’s energy requirement through 
high thermal performance of the building envelope and building 
heat storage potential.

For many modern building envelope structures, which 
represent complex three-dimensional objects consisting of 
structural and filling elements, the dynamic two-dimensional 
or three-dimensional temperature fields modelling have to 
be used. For complex walling and roofing systems, more ad-
vanced technologies in enhancing energy efficiency of build-
ings are systems based on aerogel thermal insulation materials, 
e.g. applied as a thermal break between filling elements and 
phase change materials for achieving higher thermal stability of 
a structure, for heat storage and release of heat within a certain 
temperature range.

Extensive research efforts have been undertaken in these 
fields but the dynamic behaviour of the combined use of the 
aforementioned technologies needs further investigation for 
most complex walling structures resulting in non-one-dimen-
sional heat transfer through a complete part of the envelope 
including structural elements and filling elements.
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