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Abstract 

Energy use in the world is continuously increasing. In the last 30 years the use of primary 
energy worldwide has more than doubled and it is mainly supplied with fossil fuels. A more 
efficient use of energy in the built environment has to be pursued if a more sustainable 
development is to be attained.  

The housing sector accounts for a major share of the energy use. Both in residential and 
commercial buildings, energy is mainly used for heating. Heat is energy with low quality. 
Traditional energy analysis methods, by failing to consider the energy quality, cannot give a 
holistic insight of the potential for reducing the energy used in the built environment. 
Exergy, instead, provides a tool to quantify the energy quality based on thermodynamic 
grounds.  

In this thesis a methodology based on both the reduction of the energy demand and exergy 
demand in buildings is proposed to mitigate the problems related to the energy use in 
buildings through a reduced and more efficient use of energy. 

The complex relations between building parameters to reduce the energy demand are 
managed with parametric analysis tools. The potential for energy demand reduction is 
investigated by means of screening analyses, local sensitivity analyses and global methods. A 
method for assessing the potential reduction of the energy demand in existing buildings and 
to evaluate the cost-efficiency of renovation measures based on the screening analysis is 
introduced and tested on two building typologies. In parallel, a program tool for parametric 
energy simulations, Consolis Parametric, has been developed on the core of an existing 
dynamic software, Consolis Energy +.  

Factorial analysis has been used to investigate the relations between the reduction of the 
energy demand and of the energy supply when ground source heat pumps are used for 
heating and cooling. Optimal configurations- dependent on the insulation of the building- of 
number of boreholes and spacing were identified for minimum electricity consumption. 

In the second part of this thesis exergy is used as tool for the definition of the efficient 
energy use in the built environment. The analysis of a multi-step heat pump to supply energy 
at two temperature levels, for space heating and domestic hot water production, exemplified 
how the reduction of the exergy loss can lead to a more efficient use of energy. The analysis 
was performed by means of SEPE, a modular software program developed in this work for 
exergy analysis in buildings. 

For the systematic reduction of the exergy losses in the built environment, an important 
prerequisite is the reduction of the exergy required by the building. Systems like floor heating 
and cooling, based on low difference emission temperature, are examples of low-exergy 
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systems. Buildings with reduced need of exergy input increase the efficiency of systems like 
heat pumps and enhance the use of low quality energy, like waste heat and energy from low 
temperature renewable sources. 
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1 Introduction: the use of energy and energy-related problems 
Energy use in the world is continuously increasing. From 1973 and 2008 the total primary 
energy supplied has approximately doubled, from 6.1 Mtoe1 to 12.2 Mtoe, Figure 1 [1]. 
Worldwide, the total primary energy is mainly supplied with non-renewable energy sources, 
such as oil, coal and natural gas, which in 2008 accounted for more than 80% of the overall 
primary energy. In the same year, the share of waste and renewable energy was 12%. This 
high dependency on non-renewable and fossil fuels raises growing concerns on the potential 
shortage of energy sources and on its environmental impact. 

 
Figure 1: Evolution from 1973 to 2008 of the world total primary energy supply by fuel (adapted 
from[1]). 

The housing sector accounts for approximately one third of the final energy used worldwide. 
This amount is comparable to the use of energy in the industry and transportation sector, 
Figure 2. 

                                                
1 MTOE: Millions of Ton of Oil Equivalent: the amount of energy contained in a ton 
of oil, corresponding approximately to 41800 TJ 
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Figure 2: Total final energy use by sector (adapted from[2]). 

The energy use in the built environment is characterized by a great share of heat at low 
temperature, for space heating, and at medium-low temperature, for domestic hot water 
production. In office building end use energy for heating accounts for 61% of the overall 
energy demand, while in residential buildings this figure reaches 82%, Figure 3. 

  
Figure 3: End-use energy in EU residential and non-residential buildings (adapted from [3]). 

Heating needs in buildings are mainly supplied with non-renewable fossil fuels. The energy 
supply varies from country to country but in OECD countries the energy supplies in 2009 
were mainly from fossil fuels [2]. 
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1.1 Background strategy 

The strategies applied to mitigate the energy related problems in buildings are generally based 
on the first law of thermodynamics. In EU building codes, stress is put on the limitation of 
the energy demand and on the efficient energy supply. If only the first law of 
thermodynamics is regarded, efficient energy supply implies high energy conversions 
efficiencies, so disregarding the energy quality. High quality energy supplies and sources like 
natural gas are currently used in buildings for low energy quality purposes like space heating 
and hot water production. This results in inefficient use of energy. High quality energy 
supplies in buildings should be replaced by energy with lower quality, like waste heat. For 
efficient energy use and improved energy management, low quality demand should then be 
supplied with low quality energy while sources with high energy quality should be used for 
high quality purposes only. By means of exergy, the concept of energy quality can be defined 
on clear and thermodynamic sound basis. The systematic application of the exergy analysis is 
a necessary complementary tool for a methodology for more efficient use of energy in the 
built environment.  

A rationale to reduce the dependence on fossil fuels through an organized approach is the 
so-called Trias Energetica [4]. In its original version, it is based on permanent increase in 
energy efficiency, augmented use of renewables and cleaner use of remaining fossil fuels. The 
approach has evolved and it encompasses three strategic actions to be taken, [5] : 

1. Reduce the energy demand. 
2. Supply the energy demand with renewable energy. 
3. Supply the remaining part with efficient use of fossil fuels. 

 

 

Figure 4: The Trias Energetica concept. The dependence from fossil fuels is lessened by reducing 
the energy demand, by exploiting sustainable energy sources and then by using efficiently fossil 
energy. Conceptual representation based on [5]. 

The hierarchical Trias Energetica provides a useful rationale to manage energy in a more 
sustainable way. However, its implementation in the built environment basically leads to 
solutions that privilege the reduction of the energy demand instead of efficient energy supply. 
For instance, a low energy building might have a space heating demand of 30 kWh/m2a. Due 
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to its low energy demand, it might be supplied with an (energy) efficient electric resistance 
floor heating; assuming an average efficiency of 0.95 for the conversion and emission 
process, the building would consume 31.5 kWh/m2a of electricity for heating. By 
comparison, a second building with a heating demand of 50 kWh/m2a but supplied with 
ground source heat pumps with an average COP of 4 would consume 12.5 kWh/m2a of 
electricity. Paradoxically, the building with the higher heating demand consumes less 
electricity.  

This simple example introduces two crucial issues in the hierarchical Trias Energetica: 

1. The importance of the energy supply 
2. The limitation of the concept of energy efficiency 

The higher heating demand of the second building is outweighed by the more efficient 
energy supply. Ideally, a better solution would be obtained by coupling reduced energy 
demand with efficient energy supply, but at a cost of higher investment needed, that could 
increase the installation cost beyond market acceptance. When economic factors are 
considered it might be argued then that the hierarchical Trias Energetica does not always 
yield the best solution as the energy supply system covers only a marginal role in that 
rationale. 

In buildings the optimal choice of an energy supply system depends on the environment, 
which influences the energy demand, determines the availability of the renewable energy and 
influences the operating conditions of the heating or cooling supply system, Figure 5. 

 
Figure 5: Scheme of the interactions between climate, energy demand of the building, availability of 
renewable energy and operating conditions of the supply system.  

The deep interaction between the three factors determines the optimal strategy to follow. In 
locations with abundant renewable energy and with a moderate climate, exploiting renewable 
energy can be more cost-effective than reducing the energy demand. 
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A non-hierarchical Trias Energetica is more suitable to guide the design process in buildings, 
Figure 6. Here, no priority among the three components is established a priori. Optimal 
solutions are to be found by weighing the cost of the reduction of the energy demand, the 
cost of exploiting the renewable energy available and the cost of investing in efficient energy 
supply systems.  

 
Figure 6: Non-hierarchical Trias Energetica. The three components have the same priority. The 
environment node in the center symbolizes the interactions between climate and the three 
components of the method.  

The space heating system in Iceland can exemplify this approach. In Figure 7 the utilities 
revenues from the geothermal hot water used for space district heating are compared with 
the cost of meeting the same energy demand in buildings by means of oil. The graph on top-
left shows the increase of the delivery of geothermal energy for heating; in the same time 
span the price per unit energy of geothermal heating slightly decreased, while the oil price 
almost doubled. As a result, the total price paid for geothermal heating was in 2008 
approximately one sixth of the corresponding oil bill. The geothermal energy supply requires 
investments for delivering the heat. Such resources could instead be invested in limiting the 
energy demand, for instance improving the building envelope. The Icelandic choice to invest 
in an efficient energy supply, motivated by the local availability of geothermal energy, made it 
possible to use renewable energy and to find a cost-efficient and at the same time 
environmentally feasible solution for heating. 



6 

 
Figure 7: Comparison of the costs for geothermal space heating and for oil heating, Icelandic case. 
The blue bar represents the cost for supplying the space heating with geothermal energy while the 
red bar shows the costs of supplying energy with oil (adapted from [6]). 

The second limitation introduced by the previous example is relative to the definition of 
efficient use of energy. The supply of heat, energy with low quality, by means of high quality 
sources like natural gas or direct electricity cannot be considered efficient. However, the 
mere energy analysis is not capable to illustrate such inefficiency. The systematic application 
of the energy quality concept leads to a meaningful definition of efficient use of energy. 

1.2 Hypothesis formulation 

The hypothesis of this work is that improved energy use and management based on the 
concept of energy quality is needed for the mitigation of the problems related to the energy 
use in buildings. The reduction of the energy demand is an important part of a strategy for 
improved energy use but it must be completed by the reduction of energy quality needed to 
truly improve the building design. Optimum solutions are not unique. Methodologies, 
conceptual tools and calculation tools are needed to support engineers and architects in the 
design process, to base the decision making on quantifiable results. 

The goal for this thesis is to illustrate methodologies that can lead to reduced energy demand 
and efficient energy supply in buildings, explain the practical implementation of these 
methods, provide software tools to use them and illustrate and discuss the results obtained. 
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To illustrate this, the thesis is divided into two main thematic areas: the reduction of the 
energy demand and the efficient energy use in buildings.  

The complexity of the reduction of the energy demand is managed with parametric 
approaches. Conceptual methods and calculation tools are introduced for evaluating 
improved design alternatives for energy demand. Advantages and limitations of three 
approaches are discussed and two tools for parametric analysis, one of which developed at 
KTH, are illustrated. 

The second area of the thesis is devoted to the efficient use of energy in buildings. Exergy is 
introduced as conceptual tool quantify the quality of the energy used in building. The use of 
the concept of exergy and a calculation tool are explained to yield a strategy for efficient use 
of energy in the built environment. 
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2 Energy methods 
2.1 Background 

The introduction of new building standards has led in the last decades to the reduction of the 
energy demand for heating in the built environment. The study of Balaras et al. [7] shows 
that the introduction of new energy regulations in the second half of the last century was 
capable of halving the heating demand of new buildings in many EU countries. The work of 
Hauser et al. illustrates that there is a similar trend in Germany [8]. Older buildings, with 
poor energy performance, do however constitute the majority of the building stock in many 
European countries. According to Itard et al. [3] new buildings (built after 1990) average 14% 
of the total building stock in Austria, Finland, France, Germany, Netherlands, Sweden and 
UK, ranging from 8% to 22%. 

So, in parallel to the continuous more stringent energy requirements to new buildings, it is 
crucial to renovate the existing ones. Besides the environmental benefit of lowering the 
energy demand, renovation can also be cost-effective. As an example, a basic measure for 
renovation like insulation on the building enclosure is regarded to be the most cost-effective 
approach to the reduction of CO2 emissions [9]. 

The comparison of the potential impact on energy use and cost-efficiency of different 
measures for renovation is not a straightforward task and has been the topic of substantial 
research effort. Gorgolewski combines LCC and a savings-to-investments ratio in a 
methodology for selecting sets of economically optimal renovation solutions in dwellings in 
UK [10]; Papadopoulos et al. [11] and Verbreeck et al. [12] apply LCC to renovation 
measures for typical buildings, in Greece and Belgium respectively. Ouyang et al. study the 
feasibility of renovation measures in China with LCC-based methodologies [13] and [14].  

Other researchers assess the opportunities for renovation with optimization-based 
approaches or multi-criteria decision-making methodologies. Optimization-based approaches 
for renovation make use of algorithms to yield optimized solutions for renovation. Chantrelle 
et al. [15] use a genetic algorithm to evaluate the effect of renovation measures for to up to 
four criteria –CO2 emissions, investment cost, energy use and thermal comfort. Juan et al. 
[16] merge the genetic algorithm with the A* search algorithm to overcome the intrinsic 
limitations of both. Potential limitations of the optimization-based approaches are a lower 
degree of control on the obtained results – the operation is highly automatized- and the 
problem of data validation, since optimization algorithms may not necessarily find globally 
optimized solutions. 

Multi-criteria approaches aim at finding the optimal renovation options by considering the 
effect of each renovation measure on several different and non-homogeneous outputs, such 
as energy use, environmental impact, indoor thermal comfort or costs. Since a direct 
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comparison of these outputs is not possible, normalization criteria are often introduced. In 
some instances, [17], [18] and [19], this is done by introducing weighting methods. The user 
is asked to assign a degree of importance to each criterion, which then constitutes the basis 
for the evaluation. Such approaches have the advantage of yielding a figure-of-merit that 
summarizes the performance of each option with regard to different criteria, but the 
assignment of weighting factors is largely subjective. 

Dascalaki and Balaras [20] introduce a methodology for refurbishment and renovation in 
hotels based on auditing and they apply this approach to the renovation of four hotels 
located in France, Spain, Greece and Italy. The auditing is based on four deterioration codes 
assigned to different macro areas; the results are then used to prioritize the areas which need 
renovation. The energy demand, calculated according to EN 832, and a database with cost of 
interventions then yield the financial feasibility of the different measures.  

Other approaches include qualitative flow-charts to help the decision-making process, such 
as the ones proposed by Rosenfeld et al. for new buildings [21], and Life Cycle Analysis [22].  

The potential improvement in the building design varies from building to building. For 
energy- and cost-efficient measures to be taken both in existing and in new buildings, it is 
crucial to understand which are the parameters that influence most the energy demand.  

The energy demand in a building depends on a number of factors, which can be 
schematically grouped in the following categories: 

• Climatic factors, such as environment temperatures and their yearly distribution, 
humidity and its distribution, solar radiation intensity and distribution and wind 
intensity and distribution.  

• Design building parameters 
o Geometrical parameters, e.g. building orientation and shape, percentage of 

glazed surface on the building enclosure and orientation 
o Thermo-physical properties of the building, like transmittance of external 

walls, roof and external floors, building thermal mass, transmittance and Solar 
Heat Gain Factor of the transparent surfaces. 

• User-dependent parameters, such as set-point temperatures, internal gains and 
ventilation rate. 

While the climatic conditions are determined by the building location, the user-dependent 
parameters depend on the destination use of the building, which often yields regulatory 
constraints on it. For instance, set-point temperatures are different in hospitals and 
residential buildings. Occupation density and distribution differ consistently in residential and 
office buildings, which in turn influence the internal gains and the air ventilation rate. 
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The building designer has more design freedom on geometrical and thermo-physical 
parameters. For given climatic conditions, the impact of geometrical or thermo-physical 
parameters on the energy demand may be qualitatively known. However, when a multiplicity 
of parameters is to be analyzed, approaches capable to identify the relevant input parameters 
and to quantify their impact are crucial to improve the design of the building. Parametric 
approaches are tools that meet these needs. 

2.2 Parametric methods  

The building modeling for energy demand calculation can be simplified with the block 
scheme in Figure 8. A set of input variables, such as temperatures and solar radiation, 
determines through the transfer function the output variable, i.e. the energy demand. The 
transfer function is determined by the building model. In building simulations, such a 
function is usually not explicitly known and it is described by a set of building parameters 
{P1,..., Pn}. This set of building parameters includes geometrical parameters, like walls and 
windows surfaces, and thermo-physical ones, such as walls and windows U-values. Due to 
the implicit character of the transfer function, the output variables are determined with 
software simulations. 

The variation of the parameters Pi determines a change in the modeled building which also 
yields a variation in the energy demand. Determining the extent of this variation is crucial to 
identify which parameters influence most the potential to improve the design of the building. 
Parametric analysis approaches can quantify the effect on the output variable of the change 
of a parameter within a given interval. 

 
Figure 8: Block diagram of the simulation process for building energy demand calculation.  

Sensitivity analysis methods are among the parametric approaches. A sensitivity analysis can 
determine the contribution of a individual design variable to the total performance of the 
design solution. This is done by varying the input parameters selected for the study within a 
range and then comparing the variation in the input. This variation is carried out in one 
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parameter each time in the so called One-At-a-Time (OAT) simulations. The focus will be 
put on three types of sensitivity analyses: the screening analysis, the local sensitivity analysis 
and the factorial sampling. 

An overview of sensitivity approaches is given by Hamby in [23]. He distinguishes three 
groups of methods: sensitivity analysis methods, parameters sensitivity analysis utilizing 
random sampling methods and sensitivity tests that involve segmented input distribution. 

Among the sensitivity analysis methods are: 
• Differential sensitivity analysis, based on partial differentiation of the model;  
• One-at-a-time measures, where one parameter is varied at a time holding all the others 

constant; 
• Factorial design, which involves choosing a number of samples for each parameter 

and then running the model for all the combinations of the samples; 
• Sensitivity index, where the percentage output difference is calculated varying one 

input parameter from its minimum value to its maximum value; 
• Importance factors, a OAT analysis calculated for the mean value and 2 and 4 

standard deviations of the parameters; 
• Subjective sensitivity analysis, a subjective method based on the opinion of experts. 

2.2.1 Screening analysis 

Screening analysis is an approach used to identify which input parameters the output 
function, e.g. the energy demand, is most sensitive to. The parameters to study are varied one 
at a time between two values and the variation on the output is compared to find the ones 
that cause the largest variation of the output. Since the number of simulation runs needed is 
limited to twice the number of parameters studied, this approach is particularly effective with 
complex systems computationally expensive to be evaluated [24]. 

To perform a screening analysis in a building the following steps are taken: 

• Define an initial building configuration with a number n of parameters to study. The 
initial building configuration is characterized by a value assigned to each parameter of 
the building; 

• Assign a minimum value pmin,i and a maximum value pmax,i to each of the parameters to 
study; 

• Simulate the building in the initial configuration; 
• Simulate the building varying the parameter pi to its minimum value minimum value 

pmin,i and maximum value pmax,i, while holding the other ones constant to their initial 
value; 

• Analyze the results. 
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The values obtained from the set of simulations are then compared with the initial one. To 
facilitate the analysis of the results, a Sensitivity Index, SI, can be introduced for each 
parameter pi as in eq. 1: 

,max ,min, ,

,

, i i

i

d p d p
x

d i

E E
SI

E
−

=  eq. 1 

This sensitivity index is equal to the difference in the energy demand corresponding to the 
maximum value 

,max, id pE  of the parameter pi and its minimum one
,min, id pE ; this difference is 

then normalized by normalized by Ed,i, the energy demand in the initial configuration of the 
building. The considered energy demand can be the space heating demand, as in paper I, or 
space cooling demand. This figure-of-merit provides an indication of the model variability 
and shows which building parameters influence more the energy demand. Furthermore, it 
enables the quantitative ranking of the studied parameters.  
Other sensitivity indexes are found in literature. Lam [25] presents a set of five figures-of-
merit, which he uses for local sensitivity analyses. Among them is the influence coefficient, 
eq. 2, which the other four coefficients are variations of: 

OPIC
IP

∆
=
∆

 eq. 2 

The I.C. is the ratio between the variation of the output variable, ΔOP, due to the variation 
in the input variable, ΔIP. The substantial difference between the Influence Coefficient and 
Sensitivity Index is that IC assesses how changes in the input affect the output. It is therefore 
useful to identify the range in which a variation of an independent parameter is most 
effective, but it is difficult to compare directly the results from different variables, e.g. 
kWh/cmwalls insulation or kWh/U-valuewindows. The SI, which computes variations only in the 
output variable, overcomes this issue giving a common ground for comparison between 
input variables. It yields the fraction of space heating demand of the initial configuration that 
can be reduced by the considered renovation measure n; the higher the coefficient SI, the 
larger is the potential of the renovation measure n.     

2.2.2 Local sensitivity analysis 

A Local Sensitivity Analysis, LSA, quantifies the dependence of the output function on an 
input parameter.  Similarly to the screening analysis, the local sensitivity analysis is a one-at-a-
time approach. To perform a LSA, the following steps are taken: 

• Define an initial building configuration with a number n of parameters to study. The 
initial building configuration is characterized by a value assigned to each parameter of 
the building; 
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• Identify an interval L comprised between a minimum value pmin,i and a maximum 
value pmax,i for each of the parameters to study and subdivide the interval in a number 
of values m to be used for the parametric study, Li={ pi,1, … , pi,m }; 

• Simulate the building in the initial configuration; 
• Simulate the building varying the parameter pi  within the interval Li from its 

minimum value minimum value pmin,i to maximum value pmax,i, while holding the other 
ones constant to their initial value; 

• Analyze the results. 

Several examples of sensitivity analysis applied to buildings can be found in the literature. 
Lam et al. use a local sensitivity analysis to investigate the importance of 60 design 
parameters in a typical high-rise building located in Hong Kong [25] and to select measures 
for reduced energy use from 10 design parameters in 10 different office building types [26]. 
Tavares et al. [27] use one-at-a-time simulations to select the optimal values for nine 
parameters of a new building and similarly Crawford et al. [28] apply sensitivity techniques to 
show how the building floor area, orientation and the plan shape influence the life cycle 
energy use of a set of building assemblies. Other authors, such as Breesch et al. [29] and Finn 
et al. [30] use parametric analysis in passive cooling and night ventilation to examine the role 
of different building design and operational parameters.  

This analysis is capable to identify the intervals where the analyzed building parameters are 
most effective in reducing the energy demand. The results given by the diagrams in Figures 9 
show heating, cooling and total energy demand for a poorly insulated block of flats with large 
windows in the façades simulated in Stockholm climate. They illustrate how the heating 
demand rapidly decreases with the increased building insulation thickness and with the 
decrease of the windows U-value. The comparison of these charts enables improvements to 
the initial configuration of the building design. The total energy demand is here defined as 
the sum of the heating demand and cooling demand. It is introduced mainly for informative 
purposes to stress the importance to consider both heating and cooling demand in buildings. 
It can however be a useful design indicator when the same supply system provides both 
cooling and heating energy with comparable conversion efficiency, like when using heat 
pumps. 
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Figures 9: Examples of results of LSA for simulations carried out for a building in Stockholm. The 
dependence of the total energy demand, heating demand and cooling demand on roof and walls 
insulation and on windows U-value is displayed. 

2.2.3 Global methods 

While in the local methods the parameters are varied around the initial configuration, with 
global parametric methods the variation of building parameters is carried out for different 
building configurations. An example of global methods is factorial design, where a set of 
parameters to study is chosen, a number of samples is assigned to each parameter and then 
the model is run for all the combinations of the samples and parameters. 

Another example of global methods found in the literature is the Morris method [31], an 
approach based on the so-called elementary effects used to determine which parameters can 
be considered to have effects on the output variable that are either negligible, or linear and 
additive or non-linear or involved in interactions with other parameters. Corrado et al. [32] 
apply this method to identify influential building design factors of a family house situated in 
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Turin, Italy, while Heiselberg et al.[24] apply this method to an office building in Denmark to 
screen the most important parameters in relation to the building energy performance.  

2.3 The tools 

Parametric analyses have been performed in this work with two different software tools; 
screening analysis and LSA were carried out with Consolis Parametric, while factorial 
sampling analyses were performed by coupling two software programs, GenOpt 3.1.0 and 
IDA ICE 4.0. 

2.3.1 Consolis Parametric 

Consolis Parametric was developed on the core of Consolis Energy +,  a dynamic software 
tool for heating and cooling demand calculation in buildings developed at KTH, [33] and 
[34]. The program can handle two separate zones, with different building materials properties 
and indoor temperature set-points. Each zone is characterized by thermal capacity and heat 
transfer coefficient between the temperature nodes Te, outdoor temperature, Tai, zone air 
temperature, and Tci, zone surface temperature, Figure 10. 

 
Figure 10: Scheme of the two zones model in Consolis Energy +. Each zone is characterized by the 
air temperature Tai and temperatures of the internal surfaces Tci. Te and Tg represent ground and 
external temperature. Infiltrations are accounted for by the air leakage flow QAL,i and ventilation air 
flows QV,i are supplied to the room through the heat recovery systems HRi [33]. 

Each zone has an equivalent surface heat capacity, calculated after [35], that takes into 
account heat storage in the walls due to external temperatures swings. The air temperature is 
coupled to the outdoor temperature Te through the ventilation, infiltration and windows heat 
transfer, and to the surface in the zone via convection; the heat transfer through opaque 
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constructions takes place between indoor surface temperatures Tci and the outdoor 
temperature Te and ground temperature Tg. 

The temperature calculations have hourly resolution. Outdoor air temperature diurnal 
variation is derived from the average monthly temperatures and the solar radiation, while the 
ground temperatures are derived from the monthly heat flow given by the EN ISO 13370. 
Once the temperatures are known - together with the input values of internal loads, 
ventilation rates and air leakages - heating and cooling demand are finally determined.  

The results of the energy demand calculation are presented for both the dynamic model 
based on the effective thermal capacity and the ISO 13790 calculation method, Figure 11. 
The figures are displayed in both absolute and specific -per square meter of floor area- 
values, and split in energy for heating, for cooling, household electricity and domestic hot 
water. The monthly energy balance is also given in the energy report. Further information 
can be found in [33]. 

 
Figure 11: Consolis Energy +, results summary sheet. 

The validation of the results from the program has been dealt with in [34] and [36]. In [34] 
the results from heating and cooling for 9 test cases were compared with reference cases 
according to prEN 15265. Most of the deviations from the expected values were in the range 
of 0-8%. In [36] the results of the energy demand calculated with Consolis have been 
compared with the results from other mainframe simulation tools, such as IDA-ICE and 
VIP. 
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Consolis Energy + has two features crucial for multiple simulations: 

• It is fast, with calculation time for a simulation on the order of one to few seconds 
with a current stationary PC. This feature allows keeping the calculation time for 
multiple simulations within reasonable time. 

• It is an open-source code program written in a spreadsheet environment, which 
enhances the access to the simulation variables and their management.  

The development of Consolis Parametric has regarded the implementation of parameters 
management program, leaving the calculation engine of the program mainly unchanged. 

Two design principles have been pursued in the program development: 

• Ease-of-use. The user should be enabled to use the program without any particular 
competence in macros coding. 

• Flexibility. The user should be capable of adding and removing a virtually unlimited 
numbers of parameters to study without modifications in the macro. 

The implementation of the simulation management code has been carried out in two steps: 

• An additional input-output excel sheet, where the parameters to be studied, their 
range and intervals are studied.  

• A macro code, that selects the parameter value from the input sheet, assigns the value 
to the proper destination cell and launches the simulation. The requested outputs are 
then recorded into the input-output sheet. The macro also formats the output data 
and creates the charts of the results, Figure 12. 

 
Figure 12: Conceptual scheme of the variables assignments in Consolis Parametric. Input parameters 
values are assigned to the calculation sheet that yields the output values to the results sheet. These 
output values are stored in the input-output sheet. The dotted line symbolizes the operations 
commanded by the macro. 
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In the version of Consolis Parametric used here the output values are: heating demand, 
cooling demand, total energy demand (the sum of heating and cooling demand) and time 
constant of the building. When the program was tested with 23 parameters and 12 steps per 
variable the set of simulations were completed in approximately 11 minutes on a standard 
PC. 

Two versions of Consolis for sensitivity analyses are currently available: Consolis Parametric 
ScA and Consolis Parametric LSA. 

The macro and graphic interface of Consolis ScA is optimized to carry out screening 
analyses. An arbitrary number of parameters to be included in the analysis is assigned by the 
user, together with the minimum and maximum values and the parameter location in the 
software. After completion of the simulations the Sensitivity Index is calculated for each 
building parameter and a ranking based on the S.I. is created.  

Local Sensitivity Analyses are performed with Consolis LSA. The user selects the parameters 
to study and the interval samples. There is virtually no limitation to either of them. The user 
launches the set of simulations and the results are progressively stored, organized and 
displayed by the macro by means of charts in the input-output sheet. In the current version 
of Consolis Parametric, heating, cooling and total energy demand building time constant on 
each parameter is visualized in graphs. In Figure 13 an overview of the charts on the energy 
demand is given. When the charts exhibit a steep slope the influence of the parameter on the 
energy demand is high. 



20 

 
Figure 13: Partial screenshot of the results charts. Each graph shows the variation of the energy 
demand for the analyzed building configuration for a given variation of a building parameter.  



21 

2.3.2 Application of Consolis Parametric: renovation screening analysis 

Consolis Parametric ScA has been used to analyze the options for renovation of two building 
typologies in a neighborhood in Stockholm, paper I: a block of flats and a row house. Both 
buildings were built in 1973 within the so-called Million Program, a housing programme 
implemented in Sweden between 1965 and 1974 with the aim of building one million new 
dwellings. 

The building enclosure of the row house has a total transmission loss factor of 580 W/K 
with a heating demand of 113.3 kWh/m2yr, for a total heating surface of 622 m2. The total 
heat loss transmission factor of the block of flats is equal to 2423 W/K, which yields a 
heating demand of 111.7 kWh/m2yr for a total heated area of 2555 m2. 

Aim of the study is to introduce a methodology to investigate the potential to reduce the 
energy demand and the economic feasibility of different renovation measures in each 
building type. A methodology based on the screening analysis has been introduced. 

The screening analysis presented in 2.2.1 has been slightly modified and adapted to the study. 
As initial configuration the building prior to renovation has been chosen.  

Windows U-value and G-value, external walls transmittance and thermal mass, roof 
transmittance and thermal mass, ground floor transmittance and thermal mass, ventilation air 
flows, heat recovery efficiency and uncontrolled infiltrations have been selected as 
parameters for the study. In the following Table 1 the initial values and final values are 
shown. 

Table 1: List of building parameters and variation range for the two building types. 
   Row house Block of flats 
 Building parameter Unit Initial value Final value Initial value Final value 
1 Windows U-value [W/m2K] 2.9 0.8 2.9 0.8 
2 Windows G-value [-] 0.7 0.9 0.7 0.9 
3a Transmittance, ext. walls (outdoors) [W/m2K] 0.22 0.06 0.364 0.06  
3b Transmittance, ext. walls (indoors) [W/m2K] 0.22 0.06 0.315 0.06 
4 Transmittance, roof [W/m2K] 0.11 0.07 0.116  0.07  
5 Transmittance, ground floor [W/m2K]   3.87  0.09 3.7  0.09  
6 Thermal mass, ext. walls [kJ/m2K] 36  611  105 680 
7 Thermal mass roof/ceiling [kJ/m2K] 449.5  633  409  639 
8 Thermal mass, ground [kJ/m2K] 460 690  391 621 
9 Thermal mass, internal walls [kJ/m2K] 54.8  284.8 54.8  284 
10 Thermal mass, internal floors [kJ/m2K] 391 621 391 621 
11 Ventilation air flows [l/(sm2)] 0.45 0.35 0.47 0.35 
12 Heat recovery efficiency [-] 0 70% 0 70% 
13 Air leakage [ACH] 5 1.5 5 1.5 

A modified SI has been introduced for the study as:  

, , [ ]in fin n
n

in

HD HD
SI

HD
−

= −  eq. 3 
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In eq. 3 HDin is the heating demand of the initial building and HDfin,n is the heating demand 
calculated after the variation of the parameter n. 

Such a sensitivity index enables a quantitative ranking of the energy saving effectiveness of 
the different parameters alternatives. In Figure 14 the ranking relative to the row house is 
shown; windows U-value and heat recovery are the parameters with the highest impact on 
the heating demand. 

 
Figure 14: The chart shows the results of the sensitivity ranking for the row house. The potential for 
decreasing the heating demand for each parameter variation is represented by the sensitivity index. 

In Figure 15, the ranking relative to the block of flats is shown. In this particular building the 
heat recovery has the highest potential. 

 
Figure 15: The chart ranks from top to bottom the building parameters with the highest SI in the 
block of flats. 
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To evaluate the economic feasibility of the energy measures it is necessary to compare the 
energy savings due to a renovation measure with the investment cost. A figure-of-merit, the 
Cost Efficiency Index, CEI, has been introduced, based on the potential reduction of energy 
demand and the annualized total investment cost. With the CEI, the cost-efficiency of the 
different measures can be directly compared. The CEI is the ratio between the reduction of 
the energy demand per year due to the renovation measure n, ,-in fin nHD HD  divided by its 

annual investment costs, In*Af. It is a dimensional parameter and it yields the energy saved 
each year due to a building improvement per unit money invested, eq. 4. 

,  , [ kWh / €]in fin n
n

n f

HD HD
CEI

I A
−

=   eq. 4 

In eq. 4, In is the total investment cost for a renovation measure n and Af  is an annuity factor 
that yields the cost per year of the investment In. It is calculated from the real interest rate, r, 
and the number of years of the investment, y, given by equation eq. 5. 

1  
1 (1 )f yA

r −=
− +

  eq. 5 

Figure 16 and Figure 17 show the combined results of the SI and CEI for selected 
renovation measures; the black line in the charts represents the break-even point. This is 
given by the reciprocal of the energy cost, and represents the amount of energy that can be 
bought per unit money. Higher energy prices will result in lower value of the break-even line 
on the y-axis. The renovation measures above the break-even line are the cost-efficient ones. 
In both cases heat recovery is the only economically feasible measure. Windows replacement, 
which in the row house has the highest SI, is not economically feasible in either of the 
building types.  
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Figure 16: Combined results for energy savings and cost-efficiency for the row house. 

 
Figure 17: Combined results for energy savings and cost-efficiency for the block of flats. 

2.3.3 Ida and GenOpt  

Analyses based on factorial sampling have been performed by means of the combined use of 
two software programs: GenOpt 3.1.0 and IDA-ICE 4.0. GenOpt is an optimization 
software program which minimizes an assigned target function. The program runs coupled to 
a simulation software. The output from the simulations are gathered and analyzed. Input 
parameters are varied according to the chosen optimization algorithm and a new simulation 
is launched. The process is repeated until a minimum is found, Figure 18.  
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Figure 18: Coupling of GenOpt and the simulation environment, optimization mode. The output 
variable, which is the result of multiple inputs, is evaluated and the input values are varied by 
GenOpt to find the minimum of the output value.  

Along with optimization algorithms, the program can run two types of parametric 
simulations: parametric runs by single variation and parametric run on a mesh. In the 
parametric run by single variation only one parameter at a time is varied while all the 
remaining ones are kept constant at a specified initial value, thus outlining a local sensitivity 
analysis. In the parametric run on a mesh, instead, for each variation of a parameter all the 
other parameters to study are also varied according to the user’s input. The results obtained 
cover a multidimensional grid of points, instead of the variation around an initial specified 
value as in the parametric run by single variation. Consequently, the number of required 
simulations increases exponentially. The total number of simulations for n variables and m 
points is mn. Such a simulation approach has to be managed carefully as it is resource-
demanding and it generates numerous set of output data. 

Four configuration files are required to launch simulations in GenOpt: a configuration file, 
where simulation parameters are declared along with their initial values, variation ranges and 
intervals, a command file, where the algorithm is chosen, a template file generated by the 
simulation software and an initialization file, where the location of the files is specified. In the 
template file numeric values are replaced by strings representing the parameters declared in 
the configuration file, Figure 19. 
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Figure 19: GenOpt simulation program interface [37]. 

When the simulation is started GenOpt calls the simulation software; as a result an output 
file is generated. If optimization algorithms are used, GenOpt reads the output file, compares 
the results of the target function to minimize, named cost function, and varies the input 
parameters accordingly within the specified ranges. If parametric runs are performed instead, 
the input values for the parameters are directly read from the configuration file, assigned to 
the template file and a new simulation is launched until all the combinations of inputs are 
evaluated.  

The evaluation of the energy demand was performed with IDA ICE 4.0. IDA ICE is a 
dynamic simulation environment which calculates energy use and comfort conditions in 
buildings. It is an equation-based tool based on the NMF language that uses a variable time-
step differential algebraic equation solver. 

IDA ICE can model the building envelope, ventilation and heating and cooling systems. 
Several models of air handling units are also available, which make it possible to study, 
among the others, night ventilation and evaporative cooling. The program can handle 
multiple zones and the building layout can be viewed in a dedicated 3D view. The simulation 
variables can be accessed and logged in output files, which enhances the flexibility and 
transparency of the program. 

2.3.4 Application of the factorial analysis 

While the reduction of the energy demand yields a proportional reduction of end-use energy 
in traditional systems such as gas boilers, the effect in ground coupled system are more 
complex to predict. Ground source heat pumps, GSHP, are sensitive not only to the heat 
extracted from the boreholes but also to the balance between heating and cooling demand 
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[38]. This more complex behavior leads to a strong dependence between the design of the 
building envelope and the heat pumps performance. Hence, to evaluate the energy 
performance of a building supplied with GSHPs an integrated design approach is beneficial.  

A parametric analysis based on factorial sampling of an existing building has been carried out 
to show how changes in parameters that influence heating and cooling demand can lead to 
different optimal solutions for the borehole field design, paper II. 

The layout of an existing block of flats has been used for the analysis, Figure 20. The external 
walls are in bricks (55cm). The roof has a bearing structure of a 20 cm thick concrete slab 
and it is insulated by 40 cm of mineral wool. The ventilation is ensured by a ventilation 
system with a constant air flow of 0.35 l/s m2.  

 
Figure 20: Layout of the building used in the analysis. 

Heating and cooling demand are supplied by GSHPs. The demand is assumed to be supplied 
entirely by means of heat pumps. When the temperature of the brine in the boreholes is 
below 15 °C, the heat pump is shut down and the building is cooled by means of free 
cooling. The COP of the heat pump has been derived from tests from an existing heat pump. 
The calculation of the heat exchange between ground and boreholes has been calculated 
dynamically for 25 years. These calculations have been performed with methods that use the 
convolution between the heat load and the response factors. The response factors have been 
determined with the finite line source approach. 

Two parameters have been selected: external walls and roof insulation. These two parameters 
have been varied in a factorial sampling to show the dependence of heating, cooling, total 
energy demand and balance between cooling and heating demand on them. The balance 
between heating and cooling load is quantified by the parameter γB, ratio between cooling 
and total demand.  

Roof insulation has been varied from 0.05 m to 0.8 m and external walls insulation from 0 m 
to 0.6 m. Two climates for the simulations have been chosen: Stockholm and Madrid. 
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For selected configurations a further factorial analysis has been performed on two 
parameters that influence the heat exchange between boreholes and ground: the boreholes 
number and the spacing between the boreholes. Each borehole has a length of 100 m. 

Energy demand results  

Figure 21 illustrates the dependence of heating, cooling, total energy and γB for different 
values of insulation in walls and roof, for the Stockholm climate. The increase of the 
insulation to the maximum levels, 80 cm for roof insulation and 60 m for walls insulation, 
reduces considerably the heating demand, from approximately 330000 kWh/yr to 100000 
kWh/yr. Meanwhile, the cooling demand increases but more moderately from 37800 kWh/yr 
to 85000 kWh/yr. The trend in the total energy demand is then dominated by the heating 
demand. As a consequence, the minimum for the total energy demand is found for 
maximum insulation. The increase of insulation in the building enclosure has a twofold 
beneficial effect. First, it decreases the energy demand and secondly it yields a more balanced 
heating and cooling demand. The maximum balance, γB =0.44, is for the maximum insulation 
level, due to the dramatic reduction of heating demand and the moderate increase of the 
cooling demand. The most unbalanced configuration, γB = 0.1 is found for minimum 
insulation. 

 
Figure 21: Heating, cooling, total energy demand and balance index, γB, for the considered building 
simulated with the Stockholm climate (paper II). 

The effect of the insulation on the energy demand is shown for the same building but in the 
Madrid climate, Figure 22. To take into account the different climatic conditions, the 
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increased demand for cooling and the greater solar gains, solar shading has been added. 
External blinds are on when the solar radiation is higher than 100 W/m2. 

With these settings, heating demand is smaller than the cooling demand (γB <0.5) when no 
insulation is applied to the external walls and for roof insulation lower than 20 cm. In all the 
other configurations the cooling demand is predominant (γB > 0.5). Increased walls and roof 
insulation are beneficial in reducing the heating demand, but result in higher cooling demand. 
However, the total energy demand is reduced with increased insulation. 

With the Stockholm climate the most balanced configuration and the one with the lowest 
total energy demand coincide. In Madrid the minimum total energy demand, which 
corresponds to a roof insulation of 60 cm and walls insulation of 30 cm, gives a γB, 0.93. 
However, the surface of the total energy demand is flat for values of roof and walls insulation 
greater than 20 cm, so difference between the configuration with 20 cm insulation on both 
roof and walls, and the one with minimum total energy demand is lower than 3.5%.  

The most balanced configuration, γB =0.49, is found for no walls insulation and 10 cm of 
roof insulation. The corresponding total energy demand is equal to 237 000 kWh/yr. For this 
configuration the total energy demand is 55% higher than the minimum total energy demand. 

 
Figure 22: Heating, cooling, total energy demand and balance index, γB, for the considered building 
simulated with the Madrid climate (paper II). 
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While with the Stockholm climate the most balanced configuration and the one with the 
lowest total energy demand coincided, in Madrid the minimum total energy demand, which 
corresponds to a roof insulation of 60 cm and walls insulation of 30 cm, gives a γB, 0.93. 

Electricity consumption 

A further study on the effect of the energy demand on two boreholes parameters has been 
performed with two selected building envelope configurations.  

For the Stockholm climate, the first building configuration studied corresponds to a building 
case with poor insulation on the walls, 5 cm, and with 40 cm of roof insulation. The total 
energy demand is equal to 275000 kWh/yr. The energy demand is highly unbalanced, with a 
heating demand approximately five times higher than the cooling demand, γB=0.18. 

The second case studied is relative to the minimum total energy demand. This minimum 
demand is obtained for maximum values of external walls insulation, 60 cm of mineral wool, 
and roof insulation, 80 cm of mineral wool. The total energy demand is equal to 190 000 
kWh/yr and γB is equal to 0.44. In Figure 23 the 25-years average of the total electricity used 
for heat pumps and boreholes circulation pumps is shown for the two cases.  

 
Figure 23: The effect of the building configuration on the 25-years average electricity consumed with 
the Stockholm climate. On the left, the electricity consumed for the initial configuration (40 cm of 
roof insulation and 5 cm of external walls insulation) with varying boreholes number and spacing is 
shown. The chart on the right illustrates the electricity consumed relative to the envelope 
configuration with the maximum roof and walls insulation. The different working conditions of the 
heat pumps determine different curves shapes and optimal boreholes configurations (paper II). 
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For the first case, the minimum electricity consumption, 58300 kWh/yr, is found for 16 
boreholes and maximum spacing, 20 m. The optimal number of boreholes results from a 
trade-off between pumping power and the electricity consumed by the heat pump to provide 
heat. For a given spacing, increasing the number of boreholes extends the total boreholes 
length. In case the number of boreholes is higher than the optimal on one side, this yields a 
more beneficial brine temperature and higher COP but on the other side increases the 
pumping power needed. Increasing the spacing limits the effects of the unbalanced demand. 
The energy demand is in fact mainly for heating. The heat extracted by the heat pumps in the 
heating season lowers the average ground temperature from the undisturbed ground 
temperature, due to limited possibility to re-inject heat during the cooling season.  

In the right-hand chart in Figure 23 the different shape of the electricity consumption curve 
is clearly visible. The “nose” is due to the settings for the free cooling. For more than 16 
boreholes, the specific heat injected per borehole is lower and the brine temperature is kept 
below the free cooling set-point temperature for longer periods. The chillers are off and 
electricity is consumed only for heat carriers’ circulation. 

Compared to the initial building configuration, increased insulation decreases the total energy 
demand and yields a more balanced demand. In this building envelope configuration the 
lowest electricity consumed is found for 22 boreholes and for minimum boreholes spacing. 
Higher numbers of boreholes increase the electricity consumed due to augmented power for 
brine circulation, while a number of boreholes lower than optimum gives increased electricity 
consumption due to the energy used by the heat pump. The spacing between the boreholes 
has a more limited effect than in the previous case, due to the more balanced load. 

In Madrid, the first building envelope configuration studied is representative of a building 
with balanced energy demand, MADbal. The roof insulation is equal to 20 cm of mineral 
wool; no insulation is present on external walls. γB results equal to 0.51 and the total energy 
demand is 237000 kWh/yr.  

The second case studied in Madrid is the building with 20 cm of insulation on the roof and 
20 cm on the external walls. In this configuration, MADen, total energy demand is reduced to 
167000 kWh/yr and γB is equal to 0.872. In Figure 24 the comparison of the 25-year average 
electricity consumption for heat pumps and circulation pumps is displayed.  
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Figure 24: 25-year average of the electricity consumed for the Madrid climate, with varying boreholes 
number and spacing. On the left, the electricity consumed for MADbal is charted. On the right, the 
variation of the electricity consumption with varying boreholes number and spacing for the building 
envelope configuration relative to MADen is shown (paper II). In the right-hand graph the results 
relative to 4 m spacing are not displayed as they yield too high brine temperatures. 

Unlike the previous location, the trend of the electricity consumption is similar in the two 
cases. In MADbal the optimal configuration is 16 boreholes where the spacing is for 8 m. This 
optimal spacing value is due to a trade-off between heating and cooling COPs. Smaller 
spacing between boreholes will give an increasing average ground temperature, which on one 
side improves the performance of the heat pumps in heating, but on the other side is 
unfavorable for the heat pumps in cooling mode. On the opposite, increasing borehole 
spacing will ideally give a ground temperature closer to the undisturbed one, equal to 16 °C. 
Such a temperature would yield higher COP for cooling but lower COP for heating. Since 
the cooling and heating demand are comparable, the optimal performance is for a spacing 
value that yields the optimal average ground temperature for both heating and cooling.  

In MADen the minimum electricity consumption is for 16 boreholes and spacing equal to 20 
m. Reduced spacing values in this unbalanced case would cause the temperature to rise to 
unacceptable values, thus determining a performance degradation.  

This example shows the importance of an integrated approach when systems like GSHPs are 
considered. The application of the parametric analysis to both the building envelope and 
boreholes field configuration shows the non-linear dependence of the reduction of the 
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energy demand and electricity consumption and the variation of the optimal configurations 
in the supply with the demand. 

2.4 Discussion 

The importance of quantifying the impact of a parameter variation on the energy demand 
and the mutual influence between parameters is crucial to find optimal design alternatives of 
new buildings and in the renovation of existing ones. New buildings are characterized by 
more design freedom than existing buildings, as design decisions can involve not only the 
thermo-physical parameters but also the geometrical parameters of the building. Parametric 
tools are capable to support the decision making in both building typologies. 

The screening analysis proves to be an efficient tool to isolate input variables of higher impact 
on the output variable. However the choice of the minimum and maximum values, that is 
somewhat arbitrary, is critical for the results. In the example shown in the renovation case 
the maximal values are relative to the standard of a low energy building. Hence, the results 
should be evaluated not in absolute terms but relative to the chosen values. 

The local sensitivity analysis is useful to quantify how variations of the input parameters from 
initial configuration influence the investigated output, e.g. heating or cooling demand. The 
effect of a building parameter on the energy demand may be qualitatively known but the 
impact on a particular building design and configuration must be quantified. The local 
sensitivity analysis, by comparing directly the dependency of heating and cooling demands on 
the input parameters allows the finding of optimal ranges for each parameter.  

The main limitation of the LSA is in the local character of the analysis. The parameters are 
varied one at a time and no interdependence between input parameters can be shown by 
such approach, Figure 25.  

 
Figure 25: Example of representation of a local sensitivity analysis. The effect of the variation of the 
parameters p1, p2 and p3 on the output variable in the z-axis is represented independently for the three 
parameters. The three curves coincide in the initial configuration.   
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The combined effect of the reduction of excessive ventilation and the increase of the 
ventilation heat recovery efficiency, for instance, has a lower effect than the two separate 
effects and with a LSA only the separate effects can be calculated. Furthermore, the local 
character of the analysis requires an initial configuration. In the preliminary design phase of a 
building such a configuration might not be available. Still, performing an LSA would be 
important to attribute the importance of each parameter and support improvements in the 
design phase. A possible solution might include carrying out a LSA on a preliminary design 
configuration, analyzing the results, and modifying one-at-a-time the preliminary 
configuration until target design criteria are met, Figure 26.  

 
Figure 26: Improvement scheme for preliminary design of new buildings. The preliminary design is 
used to perform an LSA. The results are interpreted and used to improve the design. The process can 
be iterated until certain criteria are met. 

The limitations of the local sensitivity methods can be overcome by global methods, like 
factorial analyses. The capability of these methods to yield information and to be capable to 
show the dependence of a target function, e.g. the energy demand, as function of more 
parameters make it a powerful tool to find globally optimal design solutions. Nevertheless, 
this increased resolution on the problem comes with the drawback of increased complexity. 
The number of simulations required for a factorial parametric study increases dramatically 
with the numbers of parameters studied and of samples per parameter. In parallel to this, the 
visualization of the parameters interaction with 3D charts becomes unpractical with 
numerous parameters. Global studies like the Morris method are capable to handle more 
efficiently a large number of parameters, but the information obtainable is more limited and 
mainly related to the interaction among parameters.   
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3 Exergy 
3.1 Exergy background 

Exergy can be defined as the maximum theoretical work that can be obtained from a quantity 
of energy or matter by bringing this energy or matter into equilibrium with a reference 
environment. 

Exergy derives from the first and second law of thermodynamics. The first law of 
thermodynamics states the equivalence between heat, internal energy and work in a system. 
The second law of thermodynamic, on empirical basis, adds some constraints to the first 
statement and introduces the concept of anergy. Anergy represents the non-valuable part of 
energy, i.e. the part that cannot be converted into work, even with a virtual reversible engine. 
The exergy of a flow of energy is equal to the energy flow minus the anergy part, eq. 6. 
Further details on the definition of exergy can be found in [39], [40] and [41]. 

Exergy Energy Anergy= −  eq. 6 

Exergy is a thermodynamic unambiguous tool to account for the quality of energy to qualify 
different types of energy. Electricity is a high quality energy carrier because of its high relative 
exergy content while low temperature heat, whose relative exergy content is low, is an 
example of low-quality energy, Figure 27. 

 
Figure 27: Example of exergy content of different energy flows. On the left, electricity is 
characterized by the same energy and exergy content. On the right, the exergy content of heat is a 
fraction of the energy. The remaining part, called anergy, cannot be converted into work. 

The energy quality of an energy source or carrier is also intuitively connected to its 
usefulness. The same amount of energy contained in a battery as electricity and in hot water 
at 40°C has different application potentials; with hot water only basic thermal processes are 
allowed, like for instance washing dishes, while electricity can be used for both running a 
motor and thermal processes [42]. The higher exergy potential is linked to the higher 
potential to perform certain actions and it should be carefully managed.  
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The exergy related to a flow in steady state can be calculated as sum of its kinetic, potential, 
physical and chemical exergy, eq. 7. The kinetic component is a function of the speed of the 
stream; the potential component is relative to the gravitational potential energy. The physical 
component depends on pressure and temperature of the stream relative to reference 
conditions, and the chemical exergy on the chemical composition of the stream, eq. 7 [43]. 
The exergy rate can be expressed as the product of the mass flow m  per specific exergy per 
mass.  
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   eq. 7 

In the kinetic component ek, C0 is the speed of the stream relative to the earth surface, while 
in the potential component ep g is the Earth gravity and Z0 the stream altitude above a 
specified reference level. In buildings, the analysis of the exergy flows is often focused on 
thermal processes and heat distribution, which also involve pressure losses. Thermal and 
pressure exergy are accounted for as the the physical exergy, eph, which is expressed in terms 
of h-h0, difference of the enthalpy of the stream and the reference conditions and of the 
difference of entropy s-s0. T0 is the temperature of the reference state. 

( ) ( )0 0 0phe h h T s s= − − −  eq. 8 

eq. 8 can also be written in a form more suitable for calculations, as function of pressure and 
temperature, as it will be shown in chapter 3.3. 

Exergy calculations require a reference state or environment. The reference environment is 
the ultimate sink of the all energy interactions [44]. A reference environment is characterized 
by thermodynamic equilibrium; in addition, its intensive properties do not change as result of 
energy interactions. An exhaustive discussion on the choice of the reference environment is 
given in [44] and the use of the ambient air surrounding the building is suggested. 

Thermal exergy associated to heat transfer can be calculated by means of several 
mathematical expressions according to the heat transfer mechanism. The simplest case is 
when heat is transferred from a hot reservoir. The exergy ExQ associated to the heat flow Qh 
is given in eq. 9.  

01Q h
h

TEx Q
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= − 

 
  eq. 9 

In eq. 9 Qh [W] is the heat flow from the hot reservoir, T0 [K] is the reference temperature 

and Th [K] is the reservoir temperature. The Carnot factor 01
h

T
T

 
− 

 
quantifies the energy 
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quality; for a given reference temperature T0, a higher temperature Th will result in a higher 
Carnot factor and hence in a higher quality of heat exchanged Qh.  

Exergy can be exchanged to a system also as a result of the exchange of matter. For instance, 
a room at a temperature Tr and surrounded by an environment at a temperature T0 can be 
heated by means of an air mass flow m  with a specific heat pc  flowing in at a temperature 

Ta, with Ta>Tr>T0. The exergy delivered from the air as result of the air flowing in mixing 
with the indoor air is equal to: 

0
0 0 lnQ p a

a

TEx mc T T T
T

 
= − − 

 


  eq. 10 

In eq. 9 and eq. 10 examples of formulas for exergy calculations are given. A detailed 
formulation for exergy calculations can be found in [44].  

The energy quality is conveniently represented by means of the quality factor, q. The quality 
factor of an energy flow or source is defined as the ratio of the flows of exergy over the 
flows of energy or the exergy content of an energy source over the energy content, eq. 11. 

Exergyq
Energy

=  eq. 11 

The quality factor represents the exergy per unit energy. The higher is the quality factor q, eq. 
11, the higher the quality of the energy considered. In Figure 28, based on data from [45], 
[46], and [47], representative examples of quality factors for fuels and energy carriers are 
illustrated. 

 
Figure 28: Exergy factor values of selected energy carriers and sources (Reference conditions: 
T0=273,15 K, P0=101000 Pa). 
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The exergy performance of a system can be evaluated by means of the exergy efficiency. Two 
expressions of the exergy efficiency are often used in literature, the simple and the rational 
exergy efficiency [48], [49]. Their mathematical expressions are given in eq. 12 and eq. 13:  

out
simple

in

Ex
Ex

Ψ =  eq. 12 

,des out
rat

in

Ex
Ex

Ψ =  eq. 13 

In eq. 12 simpleΨ is defined as the ratio of the total exergy output and the exergy input 

necessary to obtain the desired energy service, while in the rational exergy efficiency ratΨ only 
the desired output is considered. Torío et al. [48] stress that the two expressions may 
mismatch significantly when the incoming exergy flows are not fully converted into useful 
output, like in waterborne systems, where the simple exergy efficiency is likely to 
overestimate the performance of systems. 

3.2 Exergy analysis in buildings 

The systematic application of the exergy analysis in buildings have been dealt with by 
Cornelissen in [49], Sakulpipatsin in [50] and Kilkis in [51]. While Cornelissen and 
Sakulpipatsin deal with the application of the exergy analysis in the built environment, Kilkis 
proposes a methodology based on exergy to reduce the buildings-related CO2 emissions at 
the community level. The IEA ECBCS Annex 37 [52] promoted the use of exergy analysis in 
the building sector by showing the exergy-inefficient direct conversion of conventional fuels 
into heat and illustrated technologies and case studies for low exergy buildings. The following 
ECBCS Annex 49 [53] strengthened the theoretical background of the exergy concept 
applied to the built environment and extended the focus also to the community level. 

An important concept in the exergy analysis in buildings is the recognition of the low energy 
quality required by the buildings. Similarly to the energy demand of a building also the exergy 
demand of a building can be defined. The exergy demand of a building is the minimum 
amount of exergy needed to keep the building within comfortable temperature limits. In a 
first approximation, the comfort temperatures range can be defined by the set-points 
temperatures, e.g. 20 °C for heating conditions and 26 °C for cooling conditions. Therefore, 
the exergy demand of a building in steady-state conditions can be defined as in eq. 14. 

01Q
set point

TEx Q
T −

 
= −  

 
  eq. 14 

In eq. 14 Q is the heat supplied to the building to maintain comfort conditions, Tset-point is the 
set-point temperature for the indoor environment and T0 is the environment temperature.  
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In Figure 29 the quality factors and the typical temperatures for common building heating 
and cooling demands are shown, for a considered environment temperature of 0°C. Only 
few processes have quality factors well above 0.2. Space heating processes, like radiator 
heating (55 °C) q≈0.17 and floor heating (35°C) q≈0.11, have low quality factors. DHW, the 
second main contributor to the energy demand in buildings, has a quality factor of circa 0.17. 

 
Figure 29: Typical temperatures and quality factors for common building processes for an 
environment temperature of 0 °C (adapted from[54]). 

An indication of the end use exergy in the building sector in EU can be carried out by 
weighing the end-use energy per its respective quality factor, Figure 30. Space heating and 
domestic hot water account for approximately 85% of the energy demand in residential 
buildings. However, their exergy fraction is rather low compared to the energy used. Electric 
appliances alone require more exergy than domestic hot water and space heating together. In 
non-residential buildings, the end-use exergy for lighting and electric appliances accounts for 
approximately 70% of the total, compared to 30% energy-wise. 

  
Figure 30: Estimation of the end-use exergy for residential and non-residential buildings in EU 
(elaborated from [3]). 
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The use of high quality sources for low quality energy demand results in low exergy 
efficiency, which is commonly found in the built environment [55] and [56].  

Low exergy efficiency is an indicator of not-optimal energy management. Higher exergy 
performance and better energy management can be attained with the use of low quality 
sources for heating. Ideally, the quality of the supply should be close to the quality of the 
demand. This is not always possible as the choice of the energy supply is a trade-off between 
technical, environmental and economic constraints 

Exergy analysis in buildings aims at reducing the bought exergy consumed in the built 
environment. The targets of exergy analysis are quite different when applied to buildings 
compared to when applied to power generation, where exergy analysis was first used. In 
power generation, the reduction of the exergy loss aims at increasing the exergy output, i.e. 
the electricity generated. In buildings the exergy output is defined by the energy demand and 
set-point temperatures. Hence the reduction of the exergy loss can be obtained by addressing 
the input, which must be decreased (Figure 31 and Figure 32).  

 

Figure 31: Exergy optimization in power generation. The exergy input undergoes a set of irreversible 
thermodynamic processes characterized by a total exergy loss to yield an exergy output, e.g. 
electricity. The reduction of the exergy loss (dashed arrow) aims at increasing the power output. 

 
Figure 32: Exergy optimization in buildings. Contrary to the power generation case, a reduction of 
the exergy loss is obtained with the reduction of the exergy input. 

The success and diffusion of high exergy heating systems is due to factors like reliability, 
ease-of-installation and low installation costs. Heating systems that use energy with high 
quality are often simpler and cheaper than heating devices that use low quality energy. For 
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instance, a ground source heat pump (GSHP) is more complex and expensive than an 
electrical coil floor heating. However, per each unit of electricity consumed, a GSHP delivers 
multiple units of heat. As a result the quality factor of space heating with GSHPs, which can 

be assumed equal to elqq
COP

= , is lower than the quality factor of direct electricity.  

A comparison in between heating systems in four EU countries in paper V showed that 
investment costs for systems that use energy with low quality are higher than system using 
high energy sources. The energy supply systems analyzed included district heating, ground 
source heat pumps, wood boilers, oil and direct electricity heating. The quality factor of these 
sources increases from district heating, q≈0.22, to electricity q≈1. The energy prices increase 
with the energy quality but the total costs for generations are approximately constant for the 
different systems examined. 

3.3 Exergy analysis tool: SEPE 

Within the IEA ECBCS Annex 37 project, a pre-design sheet for exergy-optimized building 
design was produced [45]. It allows the assessment of the exergy flows in a building through 
the energy chain, from the primary energy sector to the building envelope. Though it proved 
to be a valuable tool to illustrate the degradation of the energy quality in buildings, a new 
program more focused on the HVAC systems was needed to perform exergy analyses of 
more complex systems.  

A new modular simulation program named SEPE (Software for Exergy Performance 
Evaluation) has been developed on the core of the previous work of [57] at the Department 
of Building Technology, KTH [58]. It is an Excel-based tool to model and analyze heating- 
and cooling–systems energy- and exergy-wise. The software supports iterative loops and all 
the variables are displayed in the calculation sheet, thus improving the understanding of the 
model and the control on the results. The advantage of this strategy is the possibility of more 
detailed modeling of the systems, modularity, easy updating and customization of the models.  

The various components of the energy chain are modeled as modules. Each module is 
defined by a set of equations and interfaces that can be coupled with other modules. An 
arbitrary system can be constructed on an Excel sheet by copying and pasting ready-made 
modules in an interconnected structure. By connecting the input and output variables for 
different modules it is possible to create a whole space of heating and cooling systems 
representing duct and pipework connecting different functional components such as fans, 
heat exchangers etc. Since the dependent variables are calculated by the sole pressure and 
absolute temperature, this ensures a quick coupling process and control. The efficient 
iterative solver in the Excel program enables the use of feedback loops and non-linear 
algorithms for component performance. The algorithms have to be carefully constructed to 
avoid division by zero during the iteration process. 
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Every component with a single flow has the same shape and dimension to allow symmetry in 
the distribution of the components and in the cascade. It is split in three areas: 

• Left side: here the input variables are given and calculated. 
• Central area: in this area the defining equations for the module are stated and all the 

internal parameters (such as the working fluid, mass flow etc.) are declared. 
• Right side: here all the output variables are yielded and displayed. 

 
Figure 33: Schematic example of a system component. 

Some components, like the heat exchanger and the heat pumps, allow multiple flows. By 
means of a heat exchanger it is possible to connect a primary system (typically the generation 
one) with the secondary one (for instance, the distribution and the emission system). Many 
systems can be used for multiple purposes. The adiabatic saturator, for instance, can be used 
for evaporative cooling and for a cooling tower for the condenser of a heat pump (see Table 
2).  

Table 2: SEPE available components.  

Generation Distribution Emission and room Environment Multi-purpose 
components 

Boiler Air ducts Room with AHU (Air Handling Unit) 
for heating Environment Heat exchanger 

Heat pump 
Chiller Water pipes Room with AHU (Air Handling Unit) 

for cooling Borehole Heat reservoir 

Solar collector Fan Room with radiator for heating  Temperature controller 
District heating Water pump Room with floor heating   

Adiabatic 
saturator  Room with floor cooling   

For exergy calculations, a reference state has to be chosen. In the central area of every 
subsystem the cells for the definition of the reference temperature and pressure are present. 
By default they are coupled to their respective environment cells, so that the reference 
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conditions are given by environment temperature and pressure. However, other reference 
conditions can be entered, for instance to study the sensitivity of the exergy analysis to the 
reference conditions. 

In the following Figure 34 an example of a system is displayed. The first rows for all the 
models are the same both in the right area for the input parameters and in the left area for 
the output parameters. Temperatures in °C and K and pressure in Pa are displayed. The 
calculations are based on absolute temperature and pressure. Temperature in °C is used for 
ease of readability. 

 
Figure 34: Example of a system component: boiler. 

Energy systems are modeled by splitting them into subsystems such as boilers, heat 
exchangers, distribution devices like fans and ducts, emissions systems. Each sub-system has 
at least an input and output node where pressure and temperature are known and where 
specific exergy is calculated, Figure 35. 

 
Figure 35: Partial layout of the program. Blue arrows represent the coupling of the cells values. 
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The physical specific exergy, eq. 8, is calculated in the nodes as function of the nodal 
temperature and pressure, [39]. The exergy flow in a node is calculated multiplying the 
specific exergy and the mass flow in that node. For waterborne systems the total physical, 
thermal and pressure specific exergy are calculated after [43] with the mathematical 
expressions given in eq. 15, eq. 16 and eq. 17. 
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 eq. 15 
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 eq. 16 

( )0pr me v P P= −  eq. 17 

etot is the total physical specific exergy (J/kg), eth is the thermal component (J/kg) and epr is the 
pressure component (J/kg). In eq. 15 T is the nodal temperature, T0 is the reference 
temperature, c is the constant specific heat of the water, vm is the specific volume of the 
water, P is the nodal pressure and P0 is the reference pressure. c and vm are assumed constant 
and respectively equal to 4186 J/kgK and 0.001 m3/kg  

For airborne systems the physical specific exergy of the air is calculated in a similar way 
assuming ideal gas behavior, eq. 18, eq. 19 and eq. 20. In the eq. 20, Ra is the dry air constant, 
which has been assumed to be equal to 287 J/kgK. 
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3.4 Application of the exergy analysis 

An example of system analysis and improvement by means of the reduction of the exergy 
losses is given in paper III. A steady-state analysis of two heat pumps supplying the 
necessary energy for domestic hot water and for space heating has been carried out with 
SEPE. The heat pumps run in series between the reservoirs at the temperatures T0, 
environment temperature, T1 and T2, DHW temperature. The reservoirs exchange heat with 
three heat exchangers, HEx1, HEx2 and HEx3, which eventually supply the DHW and space 
heating energy. 

The idea is to investigate the significance of the two heat pumps, heat pump 1 operating 
between the reservoir T0 and T1 and heat pump 2 operating between T1 and T2. This means 
that all heat moved from T1 to T2 with heat pump 2 has to be generated first by heat pump 1. 
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Heat pump 2 does not generate new heat except for the conversion of the electricity P2 into 
heat.  

As shown in the model picture, Figure 36, the temperature of the reservoir 1 can be chosen 
so that the generation of heat to the floor heating system can be delivered partly from 
reservoir 1 and partly from reservoir 2. 

 
Figure 36: Setup of the analyzed system. The energy delivered by the two heat pumps, HP1 and HP2, 
to the thermal reservoirs at the temperatures T1 and T2 is then exchanged in the heat exchangers H 
Ex 1, H Ex 2 and H Ex 3 to meet the demand for hot water, DHW, and space heating, FHS, (paper 
III). 

The demand for space heating and DHW result in 9350W and 2055 W respectively. The set-
point temperature for space heating temperature is 22 °C and the DHW is distributed at 
55°C,T2. 

In the initial configuration the temperature T1 of the reservoir T1 is at 35°C, the total 
electricity use in the heat pumps is 3782 W for an overall COP of 3.01. A components 
analysis leads to the identification of the return temperature T4 from the heat exchanger 
HEx2 as a possible source of improvement. T4 is at a temperature considerably lower than 
the reservoir temperature T2, so that the mixing comes with relevant exergy losses. The area 
of the heat exchanger 2 is gradually reduced from 10 m2 to 0.01 m2 and as a result the exergy 
losses in the Reservoir 2 are reduced from 310 W to 20W. The heat pump 1 increases its 
exergy losses from 1200 W to 1300W but the Heat pump 2 decreases them from 621 W to 
117 W, so that the global COP increases to 3.77.  

A third step is to increase the mass flow of in the floor heating to reduce the emission 
temperature. A decrease of the inlet temperature from 32.5 °C to 28.74°C yields the 
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maximum reduction of the exergy loss and a corresponding COP of 4.17. Table 3 lists the 
alternative setups and the exergy losses in each component.  

Table 3: The table illustrates the development of the exergy losses for the components for the 
different alternatives discussed in the paper. First the surface of the heat exchanger 2 is gradually 
decreased from 10 to 0.01 m2 and then the temperature of reservoir 1 is lowered in steps down to 28 
ºC. Finally the temperature of the reservoir 1 is increased to 54 ºC to simulate the case of a single heat 
pump for the whole system, (paper III). 

 

The analysis above clearly shows that the heat pump performance itself is only a part of 
overall system COP and that the configuration and careful operation of the heating system 
itself is just as important for the final result. 

3.5 Discussion 

The previous example illustrated that the reduction of the exergy losses in heat pumps can 
lead to a reduced energy use. Such systems are in fact sensitive to the exergy required to be 
supplied to the building. Lower emission temperatures, and hence exergy required per unit 
energy, imply higher COP and less electricity used. 

The systematic reduction of the exergy losses must be pursued in the built environment for a 
more efficient use of energy. A crucial precondition for reduction of exergy losses in the built 
environment is the design of buildings for minimum exergy use. Such design approach on 
one side ensures higher performance of systems like heat pumps and on the other side it 
allows the exploitation of energy sources with lower quality. Existing systems based on low 
emission temperature difference like floor heating and cooling systems can be successfully 
used to reduce the exergy required in buildings.  

The reduced temperature for heating decreases the exergy demand. However, the reduced 
emission temperature often needs to be compensated by increased heat carrier mass flow. 

CASE Ahex2=10 Ahex2=5 Ahex2=1 Ahex2=0,01 Tres1=32,52 C Tres1=30,52 Tres1=28,74 C Tres1=54,2 C
Exergyloss W Exergyloss W Exergyloss W Exergyloss W Exergyloss W Exergyloss W Exergyloss W Exergyloss W

Reservoir 1 -125,76 -125,74 -124,29 -144,46 -147,01 -147,01 -148,01 -133,72
Reservoir2 -306,33 -305,66 -243,41 -20,39 -21,34 -21,34 -21,78 -17,05
Heat exchanger 1 prim -128,77 -128,80 -132,20 -131,88 -131,68 -131,68 -131,59 -132,61
Heat exchanger 2 prim -63,66 -64,08 -95,68 -7,53 -13,31 -13,31 -16,60 -0,25
Heat exchanger 3 prim -12,84 -12,92 -21,71 -103,48 -88,43 -88,43 -84,91 -167,13
Heat pump 1 -1203,39 -1203,62 -1229,55 -1374,73 -1257,65 -1257,65 -1210,13 -1854,63
   Aux exergy 2420,57 2421,00 2469,74 2745,22 2478,41 2478,41 2370,17 3839,21
Heat pump 2 -613,36 -612,63 -538,78 -117,97 -145,25 -145,25 -156,90 -19,87
   Aux exergy 1347,21 1345,76 1198,25 282,70 345,33 345,33 371,60 41,66
Floor heat system C -414,93 -414,53 -378,59 -224,18 -116,04 -116,04 -68,95 -651,22
Room temp -696,93 -696,93 -696,93 -696,93 -696,93 -696,93 -696,93 -696,93
Tap water heat -201,79 -201,84 -206,86 -206,38 -206,09 -206,09 -205,96 -207,46
SUM 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
COP 3,03 3,03 3,12 3,77 3,92 4,05 4,17 2,95
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Optimal solutions have then to be designed with tools like SEPE to limit increased exergy 
losses for pumping.  

The integration of the energy systems in the building energy chain and the optimization of 
the energy flows should be managed from the exergy point of view. Building design for 
minimum exergy consumption is also the necessary condition for a more flexible energy 
supply. This reduced exergy input enables the exploitation of low quality energy carriers and 
sources, thus enhancing the possibility of using replacement energy like waste energy from 
industrial processes and seasonal thermal storages.  

However, the building design for minimum exergy required is only a precondition. 
Generation systems like gas boilers are sensitive to the reduction of the energy demanded but 
not to the exergy reduction. In such systems the decreased energy demand brings about a 
proportional reduction of the gas consumption but the reduced emission temperature has a 
negligible effect in the reduction of the gas consumption. In other words, if less energy has 
to be used, gas boilers are not a suitable system.  

The comparison of a building energy chain for different energy supplies can be illustrative to 
this regard. In Figure 37, the quality factor of four heating supply solutions is shown for 
different stages of the energy chain, similarly to Schmidt in [45]: a gas boiler with radiators, 
GB, a district heating with radiators, DH, a ground source heat pump with floor heating, 
GSHP, a storage system with floor heating, SS, and an electricity floor heating, EFH. The 
energy and exergy demand are the same for all the cases. In the emission system, in virtue of 
the higher radiator temperature DH and GB have a higher exergy flowing than the floor 
heating based solutions (q≈0.15 vs q≈0.08). 

In the boiler case, the most relevant exergy destruction takes place in the conversion system 
(heat generation). There, the chemical exergy of the fuel (q≈1) is converted into energy for 
space heating (q≈0.2) and a considerable amount of exergy is lost. From an exergy point of 
view, there is little difference if the emission system is a low temperature emission system like 
a floor heating. The lower exergy loss in the emission process is outweighed by higher loss in 
the conversion system. The direct use of gas for heating results in low exergy efficiency and 
hence in inefficient energy use. The exergy of the gas can be used instead more efficiently in 
cogeneration processes. The simultaneous production of a high quality energy carrier, 
electricity, and of heat at low temperature yields higher overall exergy efficiencies, which can 
be in the range of 30%, [60] and [61].   

Heat from centralized cogeneration can be more efficiently supplied to buildings by means of 
district heating from waste energy. The lower energy quality (q≈0.25) of such energy supply 
matches better the quality of the heating demand resulting in a more efficient energy use.  
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Figure 37: Exergy analysis of an energy chain for different heating supply solutions. Conventional 
solutions like gas heating and direct electricity heating lead to lower exergy efficiency, due to the 
mismatch between the exergy supplied and the exergy required at the building. Energy can be 
supplied more efficiently with energy carriers of lower energy quality, like district heating from waste 
heat.  

The direct use of electricity for heating is inefficient. Electricity is instead converted into heat 
more efficiently by means of heat pumps. Ground source heat pumps perform better than air 
heat pumps due to the more stable temperature of the heat source, which yields higher COPs 
during the colder months of the heating season. Higher COPs imply less exergy used per unit 
delivered heating energy, and hence lower q. The energy available from seasonal ground 
storage systems is often of low temperature and quality (q≈0.15) and is not sufficient to 
supply the heat emission system if instead of a low temperature and low-exergy system a 
radiator is used.  

Figure 37 stresses also the importance of the energy supply in the exergy loss reduction. 
Efficient use of energy implies the reduction of the exergy losses ideally throughout the 
whole energy chain. A schematic overview of the quality factors of different energy supplies 
for heating is shown in Figure 38. Different energy supply types are ordered in descending 
order of quality. A dotted horizontal line represents the energy quality required by a 
conventional building and a continuous line the one of a building characterized by reduced 
exergy input. The dashed line below illustrates the exergy demand, assumed to be the same 
for both buildings. Only energy supplies with q higher than the exergy level demanded can be 
directly used. The higher exergy level of the traditional solution constrains the suitable energy 
supplies while a building designed for reduced exergy input provides a wider choice of 
exploitable sources. 
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Building design for reduced exergy input ensures more flexibility in the energy supply. This 
flexibility in the choice of the energy supply makes the building more resilient to changes of 
the energy prices. 

 
Figure 38: Quality factor of different energy supplies. The exergy demand, represented by the dashed 
line, is schematically compared with the energy quality needed by a conventional building (dotted 
line) and by a building with reduced exergy need (continuous line). The reduced exergy input 
needed enhances the use of very low exergy sources like seasonal thermal storage systems.   

The application of the exergy analysis gives information on the quality of the energy flows 
and it is a support for energy management, complementary to energy analysis. The insight it 
gives are hardly replaced by energy methods. In the example shown in paper III, the 
electricity consumption is reduced by means of exergy loss minimization, but no energy is 
lost within the system. It would be difficult to improve the system performance if only 
energy were considered. The energy input, electricity, is fully delivered to the utilization, 
space heating and DHW demand. The first case consumes more electricity due to sub-
optimal energy flows configurations. 

Energy methods do not quantify the thermodynamic intrinsic loss in burning gas for space 
heating. The energy conversion can be efficient but the waste of using a high quality source 
for low energy quality purposes is not acknowledged. Primary energy methods implicitly 
favor the use of renewable energy more than enhancing a rational energy management. 

The use of exergy as tool for energy management stresses the efficient use of energy, 
regardless of its origin. Efficient use of energy in buildings does not only mean to use less 
energy to provide an energy service, e.g. heating, but also to match properly supply and 
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demand. In the built environment, properly designed systems make it possible the 
exploitation of energy that would be otherwise be wasted or not used, like waste heat or heat 
from reservoirs, and enables the replacement of conventional sources with this low quality 
energy, thus virtually reducing the dependence on fossil fuels. In this perspective, low exergy 
design in buildings can contribute to the reduction of the environmental impact through 
more efficient use of energy and enhanced use of renewable energy.  
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4 Economic considerations 
The screening analysis illustrated in paper I has shown that renovation measures with high 
potential to reduce the energy demand in buildings may not be economically feasible due to 
high investment costs of the applied measure and that the economical profitability should be 
evaluated along with the potential to reduce the energy demand.  

Usually, the renovation of a building increases its market value and often provides a more 
comfortable environment for the occupants. In paper IV the evaluation of renovation 
packages of three building types has been carried out. For each building, the following 
criteria have been considered: energy demand reduction, Life Cycle Costs and environmental 
rating, assessed with Swedish environmental rating tool Miljöbyggnad, (MB) which takes into 
account factors like the energy use, IEQ and presence of hazardous materials.  

Three existing buildings have been chosen. Two buildings were built in 1973, a terrace of 5 
houses and an apartment building. The third building, constructed in 1963, is an apartment 
building. 

For each building three configurations are proposed and analyzed: the base case, 
corresponding to the building prior to renovation, a moderate investment renovation 
package and an advanced investment renovation package. The renovation packages are 
different from each other and result from inspections of the building. 

The calculation of the LCC is based on the net present cost method, with an analysis period 
of 50 years. A general rate of inflation of 1.2% has been assumed, and an initial real discount 
rate of 5% has been used. Operation, maintenance and re-investment costs required to 
maintain the functionality of the building are included in the calculations. The cost of 
electricity, used to heat the 1973 terraced house, has been assumed in 0.96 SEK/kWh, with a 
real price increase of 2.5%/year and the cost of the district heating, which supplies the 1973 
and the 1963 apartment building, energy of 0.64 SEK/kWh, with a real price increase of 
1.4%/year, while the price increase for renovation and maintenance of 1%/year. 

Results show that measures with high investment costs are effective in reducing the energy 
demand, and in one case, the 1963 apartment building, are capable of more than halving the 
energy demand. On the other hand, the reduction of the energy demand often yields higher 
LCCs. In only one case, for the 1973 apartment building, the reduction of the energy demand 
with the moderate package also implies a lower LCC, 16% lower than the base case. In the 
row house the LCC in the high investment case is 17% higher than in the base case and 
medium package investment. For the 1963 apartment building all the renovation measures 
entail higher LCC than in the base case, respectively 5% and 26% more for the medium and 
the high investment package. 
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Figure 39: Reduction of the energy demand and LCC relative to the base case, medium investment 
and high investment renovation package for the three building typologies considered. All the 
renovation packages are effective in reducing the energy demand, but only in one case, the moderate 
package for the 1973 row house, the LCC results lower than in the base case. 

However, the advanced packages generally imply a better overall quality of the building, 
which has been evaluated by means of MB and of the living conditions, which are hard to 
monetize. In all cases the high investment package improves thermal climate in winter and 
summer, with potential better comfort for the occupants for the reduced radiant asymmetry. 
In the 1973 terraced house with both renovation measures the noise rating is increased and 
in the 1963 apartment building the façade renovation (high investment) improves the 
performance with regards to moisture problems. 

The relation between investment costs and efficient heating systems is an important driver 
for the choice of the building energy system. Exergy systems using energy with low quality 
often require higher investments, due to their increased complexity. The comparison 
between a Ground Source Heat Pump (GSHP) and an Air Heat Pump (AHP) can be 
illustrative. The boreholes increase significantly the cost of the GSHP system compared to an 
AHP, but the more stable temperature source yielded by the boreholes enhance the system 
COP and make it possible to reduce the electricity consumed per unit energy delivered 
compared to an AHP. Thus, the higher costs of the GSHP are counterbalanced by the higher 
efficiency energy use.  

These aspects related to heating in buildings are further investigated in paper V. Here, the 
energy price is assumed to be dependent on the exergy content of the energy carrier. The 
hypothesis to test is that in a condition of open market the total cost for heating a building, 
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including running, maintenance and investment costs, are comparable; if this were not the 
case, a heating system would be dismissed and replaced by other ones.  

The hypothesis has been tested in the energy system in Sweden, Finland, Austria and the 
Netherlands. The quality factor and the energy costs of several heating systems, e.g. wood 
log, wood pellet, natural gas and oil boiler, district heating, air and ground heat pumps, direct 
electrical radiator have been considered. A reference building, a small house, has been chosen 
with similar characteristics for each country. For Austria, Finland and Sweden, a single family 
house was chosen, while for the Netherlands case a row house was used for the study. In 
Table 4 the main characteristics of the houses studied for the paper are shown. 

Table 4: Gross floor area and specific energy demand for the studied houses. 
 Austria Finland Netherlands Sweden 
Gross floor area [m2] 150 147 89 140 
Specific heating demand [kWh/m2yr] 133 136 164 101 

The results support the hypothesis that the value and the energy price of a hypothetical 
energy carrier with low energy quality would be virtually zero, but on the other hand effort 
and value would had to be invested into the heat supply technology. 
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5 Conclusions 
This work has addressed a number of important aspects on energy quality and on the use of 
energy in buildings. The results from these studies can be summarized in the following 
conclusions. 

1. The mitigation of the impact of the energy use in buildings should focus on but not 
be limited to the reduction of the energy demand. It must also take into account the 
quality of energy, which is quantified by exergy on thermodynamic grounds. The non-
hierarchical Trias Energetica is a valid conceptual tool in the design process. 
 

2. Innovative methods like parametric analysis enable the possibility to explore the 
potential improvement of the building design for reduced energy demand. The 
combined use of different parametric methods provides a powerful support to 
manage the complex interactions among the building parameters and select optimal 
solutions for improved building design.  
 

3. The implementation of these methodologies in automated software programs for 
building simulations, like Consolis Parametric, is a powerful tool to guide the designer 
through design alternatives and improved renovation strategies. 
 

4. Exergy analysis offers a necessary insight complementary to the energy demand in 
buildings and clarifies the definition of what is meant with efficient use of energy. 
Efficient energy use in buildings implies not only the reduction of the energy used to 
provide an energy service, but also to supply it with suitable energy sources and 
carriers.  The direct use of high quality energy like gas or electricity - regardless of its 
origin - for space heating cannot be considered efficient, regardless of its energy 
conversion efficiency. 
 

5. Buildings design for minimum exergy consumption leads to the direction of more 
efficient energy use. This design principle increases the flexibility of the buildings to 
utilize different source of energy and enhances the potential exploitation of waste heat 
and low quality energy carriers and heat storage systems. This will increase the 
potential for renewable energy use and widen the choice of potential energy supplies. 
  

6. Along with low-exergy design criteria, flexible exergy software tools, like SEPE, are 
needed to analyze innovative and complex systems and to bring the necessary 
resolution into the energy quality analysis in the building construction and systems. 
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7. The importance of the flexibility of low exergy systems should not be overlooked. 
Design decision economically optimized only for present scenarios should be avoided. 
The higher installation costs of efficient systems for energy supply can be balanced by 
the more efficient use of energy and by the flexibility for the future. 
 

8. Similarly, in the renovation of a building for reduced energy demand, solutions with 
higher LCCs often yield improved living standards, which are difficult to monetize. 
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6 Future work 
My proposed future work on the methods and software programs developed within this 
thesis can be divided into two areas: development of the software tools and further research. 

Software tools 

• Implementation of quasi-steady-state simulations in SEPE. 
The variability of the environmental conditions can affect considerably the exergy 
demand and the performance of the supply system. To account for this variability, 
steady-state simulations are not sufficient. However, with quasi-steady-state 
simulations, limited changes in the software structure of SEPE need to be carried out, 
while enabling the possibility to study the changes in the system performance due to, 
for instance, outdoor temperature variation.  
 

• Development of new and more complex SEPE components.  
For the most important components, two levels of detail should be supported: simple 
and advanced. In the simple level fewer inputs are required for the system simulation, 
which makes it ideal for a first analysis in steady state. The advanced level, with a 
higher level of detail and resolution on the system, is instead more suitable for 
advanced systems optimization in quasi-steady-state conditions. 
 

• Implementation of a software tool with the modular characteristics of SEPE for 
community analysis. 
Such a tool should enable the analysis of the exergy and energy flows in the built 
environment, to highlight the exergy losses and evaluate different energy supply mixes 
for improved energy management. 
 

• Development of Consolis Parametric. 
Further development of this software program includes factorial analysis and exergy 
analysis. The implementation of exergy, although more simplified than in SEPE, 
makes it possible to investigate how different building parameters affect not only the 
energy demand but also the exergy required to supply that demand.  

Further research 

• Parametric analysis and investments costs in new buildings. 
Improved design solutions for buildings are often a trade-off between the economic 
savings from reduced energy use and the investment costs to obtain them. Optimal 
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building envelope parameters configurations can be determined with parametric 
methods if a cost function is assigned to the each parameter. 
 

• Parametric analysis and the mutual influence of shape and thermo-physical 
parameters. In new buildings, an accurate design of the layout of the building, e.g. 
shape, orientation and glazed surface ratio, can be as effective as improving thermo-
physical building parameters like building insulation to reduce the energy demand. 
The application of parametric methods for different design options can highlight 
optimal solutions for varied climates.  
 

• Case studies for cost efficient solutions for energy demand reduction, efficient supply 
and renewable energy use in buildings. 
The non-hierarchical Trias Energetica approach proposed in the introduction can be 
systematically applied to include the energy supply in the energy use optimization 
process. A cost function is assigned for different alternatives for reduction of the 
energy demand, exploitation of renewable energy, for instance with solar collectors, 
and efficient exploitation of energy use. The cost depends on the solution chosen and 
on performance parameter. A trade-off between the cost for avoiding energy use with 
reducing energy demand or supplying it efficiently can be found. Different budgets 
levels finally determine which trade-off to choose for a variety of climates.   
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7 Summary of the reports in the research work 
Here the abstracts of the journal papers included in the thesis are presented in order to give 
an overview of the research work. There is a number of conference publications related to 
this work not included in the thesis but that is still worth mentioning. The abstracts of such 
conference papers are collected in paragraph 7.2.  

7.1 Journal papers 

An Application of the Screening Analysis to Rank the Potential for 
the Reduction of the Energy Demand in Renovation 

Marco Molinari, Kjartan Gudmundsson 

Submitted to Energy and buildings, 2012 

Abstract: The major share of the total building stock in EU countries is older than 20 years. 
Its energy performance is often poor compared to new buildings and renovation is needed if 
the total energy use in built environment is to be reduced. The choice of the most suitable 
renovation measures is made complicated by the difficulty to count for the possible impact 
of numerous alternatives on different buildings and by economic effects of each measure. 
 
In this paper a methodology for the analysis and the ranking of different renovation 
measures to reduce the energy use in buildings has been introduced. The method is based on 
screening analysis. Two indicators are introduced to rank different renovation measures on 
the potential for heating demand reduction and to evaluate the cost-effectiveness of each 
renovation measure. 
 
The methodology is illustrated with the analysis of 13 different technical renovation measures 
in a row house and a block of flats located in the Stockholm metropolitan area, Sweden. The 
results show that the results for heating demand are different depending on the building type 
as is the economic viability. Both aspects are crucial for economically and technically 
successful renovation strategies 
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The Application of the Parametric Analysis for Improved Energy 
Design of a Ground Source Heat Pump for Residential Buildings 

Marco Molinari, Alberto Lazzarotto, Folke Björk 

Submitted to Energy and Buildings, 2012 

Abstract: Energy use in buildings represents a major share of the overall energy in developed 
countries. For a more sustainable development, it is crucial to decrease the primary energy 
used in the built environment. 

Energy use can be reduced decreasing the energy demand, for instance improving the 
thermal performance of the building enclosure, or by supplying more efficiently energy to the 
building. Ground source heat pumps (GSHPs) are capable to supply efficiently heat to the 
buildings in virtue of their high end-use to delivered energy ratio, expressed by the COP. The 
dependency between the building and the GSHPs performance is however more complex 
than in traditional energy supply solutions. 

Parametric approaches allow to exploring the impact of single design parameters on the 
overall energy performance and to gaining a better understanding on the design choices.  

In this paper a parametric study has been carried out on a residential building equipped with 
GSHPs. The results quantify how the optimal boreholes field configuration from an end-use 
point of view is sensitive to the thermal performance of the building and emission 
temperature of the heating and cooling system. 

Exergy Analysis of Single and Multi-step Thermal Processes  

Gudni Jóhannesson, Marco Molinari 

Accepted for publication by The Journal of Civil Engineering and Architecture, 2012 

Abstract: The present paper introduces the concepts of exergy and treats it applications to 
analysis of the gain in exergy efficiency between one-step and multi-step thermal processes. 
The analysis, which is carried out with the Excel-based SEPE program, is exemplified with 
the comparison between single-step and two-steps heat pump setup for providing heat to a 
floor heating system and for domestic hot water. The paper discusses the use of the concept 
of exergy efficiency as a measure of success for design of a heat pump application and how 
the use of information on exergy destruction and temperature levels in different parts of the 
system add a new perspective to the analysis and the evaluation of the system performance. 
The paper shows how this information can be used to improve the system configuration and 
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also the operation of the system for given boundary conditions. This is especially useful 
when the energy from the low temperature sources can be utilized at different temperature or 
quality levels such as for space heating and domestic hot water. 

Approach for Sustainability Assessment of Renovation Packages for 
Increased Energy Efficiency for Multi-family Buildings in Sweden 

Nils Brown, Tove Malmqvist, Wei Bai, Marco Molinari 

Submitted to Building and Environment, 2012 

Abstract: In this paper, we propose a method for assessing renovation packages drawn up 
with the goal of increasing energy efficiency. The method includes calculation of bought 
energy demand, life-cycle cost (LCC) analysis and assessment of the building according to the 
Swedish environmental rating tool Miljöbyggnad (MB). In this way the methodology assesses 
economic, indoor environmental quality (IEQ) and specifically environmental aspects 
associated with energy demand of such packages from a sustainability point-of-view. 
Through MB, energy efficiency packages are placed in context with other necessary measures 
required to improve environmental performance in buildings, providing a consistent and 
systematic basis other than simply financial performance by which to compare capital 
improvements. 
The method is further explained and analysed by applying it in 3 case studies. In each case 
study a multi-family building representing a typologically significant class in the Swedish 
building stock is considered, and for each building a base case and 2 renovation packages 
with higher initial investment requirement and higher energy-efficiency are defined.  It is 
shown that higher efficiency packages can impact IEQ indicators both positively and 
negatively and that packages reducing energy demand by approx. 50 % have somewhat 
higher LCC. Identified positive IEQ impacts point to added value for packages that may not 
otherwise be communicated, while negative impacts identify areas where packages need to be 
improved, or where MB indicators may be referred to as specifications in procurement 
procedures. 
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Estimating Exergy Prices for Energy Carriers in Heating Systems: 
Country Analyses of Exergy Substitution with Capital Expenditures 

Andreas Müller, Lukas Kranzl, Pekka Tuominen, Elisa Boelman, Bram Entrop 

Published in Energy and Buildings, 2011 

Abstract: Exergy represents the ability of an energy carrier to perform work and can be seen 
as a core indicator for measuring its quality. In this article we postulate that energy prices 
reflect the exergy content of the underlying energy carrier and that capital expenditures can 
substitute for exergy to some degree. 
We draw our line of argumentation from cost and technology data for heating systems of 
four European countries: Austria, Finland, The Netherlands, and Sweden. Firstly, this paper 
shows that the overall consumer costs for different heating options, widely installed in those 
countries, are in the same range. In this analysis we derived an overall standard deviation of 
about 8%. Secondly, additional analysis demonstrates that the share of capital costs on total 
heating cost increases with lower exergy input. Based on the data used in this analysis, we 
conclude that for the case of modern cost effective heating systems the substitution rate 
between exergy and capital is in the vicinity of 2/3. This means that by reducing the average 
specific exergy input of the applied energy carriers by one unit, the share of capital costs on 
the total costs increases by 2/3 of a unit 
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7.2 Selected conference papers 

An Exergetic Analysis and Potential for Improving the Rational 
Energy Use in Dwellings – NSB 2008  

Marco Molinari, Gudni Jóhannesson 

Abstract: The quality of a certain amount of energy is defined as the relative exergy content 
of this energy. Most of our buildings with their heating and cooling systems today are built 
for conversion of high quality energy sources to low quality use with destruction of the 
available exergy as a result. Globally we have a huge potential for transforming our processes 
to more efficient use of the exergy and also for feeding our processes directly from 
renewable energy sources without the use of high quality energy sources. Exergy analysis is 
also important as an innovation driver in buildings and building systems. This work is carried 
out within the frame of IEA Annex 49 Low Exergy Systems for High-Performance Buildings 
and Communities. The scope of the annex is to improve, on a community and building level, 
the design of energy use strategies, taking into account the different qualities of energy 
sources, from generation and distribution to consumption within in the built environment. In 
particular, this is carried out by the method of exergy analyses to provide assessment of the 
thermodynamic features of any process and to achieve a clear, quantitative indication of both 
the irreversibilities and potential for matchmaking between the resources used and the end-
use energy flows. The paper contains a systematic survey of the exergy consuming processes 
for building and building appliances, their role in exergy balance, the level of energy quality 
needed in primary process and the potential for developing processes towards improved 
exergy efficiency. The work presented here gives a listing of the important processes in 
buildings with a discussion of their nature from an exergy point of view. The methodology 
for analysis is exemplified for a limited number of processes, dealing with the energy use and 
exergy destruction in processes, the potential for exergy saving and the discussion on the 
technical and economic feasibility 

Dynamic Exergy Analysis of Ground-Coupled Heat Pumps for 
Residential Buildings – ELCAS2 2011 

Marco Molinari, Alberto Lazzarotto 

Abstract: Buildings have lower exergy demand than their energy demand. Heat pumps can 
exploit this potential. Their COP greatly increases for a reduced temperature difference 
between evaporator and condenser. Given a low-temperature heating emission system, the 
performance of the heat pumps can be maintained high throughout the year, even in cold 
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climates, if a ground storage system or a ground heat source is present. The interactions 
between building, heat pump, circulation pumps and source systems are complex. The 
performance of ground-coupled heat pumps is commonly measured in terms of COP, but 
the mere energy analysis might be misleading in finding potential for further optimization. 
Instead, the concept of exergy has been chosen since it yields the thermodynamic value of its 
associated energy flow. 

In this paper exergy has been applied to practical study cases, involving ground-coupled heat 
pumps, to give a better understanding on such systems and explore the potential for 
improving them. Dynamic simulations of the buildings have been done with IDA and the 
storage has been modeled by means of MATLAB.  

Exergy analysis of cooling systems and strategies - NSB 2011 

Marco Molinari, Petra Karlström 

Abstract: Energy use in the building stock represents a major share of the total energy use in 
developed countries. Ventilation and cooling of buildings constitute a constantly increasing 
part of the total energy use in buildings. One of the reasons for the increase of the energy use 
is increasing user demands. In combination with increasing ambient air temperatures, cooling 
of buildings will become a necessity. To minimise costs and energy demand, available cooling 
solutions must be optimised and innovative approaches encouraged. 

The growing awareness of climate change in combination with rising prices on fossil fuels 
have boosted the demand for energy efficient and even plus-energy buildings. By minimising 
the losses of energy used for conditioning the indoor environment, heating and cooling 
systems with a low temperature difference to the room can be used. Floor heating or cooling 
are common examples. Using distribution of heating and cooling at temperatures close to the 
room temperature opens the possibility to utilise low quality energy sources, for instance 
cooling with ambient heat sinks or heating with waste energy.  

Exergy analysis is a powerful tool for allocating the most relevant energy losses and 
suggesting technical solutions for improving cooling and heating systems. Aim of this paper 
is to illustrate the methodological issues with exergy analysis and to show what potential 
exists for improving the cooling systems by means of the exergy analysis. 
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Exergy analysis of different solutions for humidity control in heritage 
buildings - WREC 2011 

Marco Molinari, Tor Broström 

Abstract: Energy use in the building stock represents a major contribution to the total 
energy use in developed countries. Increasing limitations to the energy demand of the new 
buildings have been imposed by the building codes in the last decades, which resulted in 
improved building envelopes. 

Yet, in many cases it is not either technically or economically feasible to improve the existing 
building shells. A typical example is represented by historical buildings, such churches and 
old buildings, which often may not be improved for aesthetical or economic reasons. Often 
poorly insulated, such buildings would require a high energy demand to keep them at the 
preferable hygro-thermal conditions. As a consequence they are often left unheated, which 
also affects the usability of these buildings. However, the risk of moisture damage often 
requires them to be slightly heated to a certain temperature. 

As the energy demand is linked to the possibility of improving the building shell, for instance 
by adding insulation or making it more airtight, the exergy approach gives interesting insights 
on the problem. Exergy analysis emphasizes the thermodynamic valuable part of the energy 
demand in the building and straightforwardly defines the minimum energy demand for a 
certain process. The energy demand being equal, it is still possible to lower the exergy 
demand and consumption. A lower exergy demand paves the way to the exploitation of 
renewable sources, such as solar power. 

Often the main task is to keep the RH humidity within a certain range. Aim of this paper is 
to perform a theoretical exergy analysis of three different solutions for lowering the RH in 
the building. The basic approach keeps the temperature of the indoor space at a constant 
level. A second approach-the so-called conservation heating- consists in letting the 
temperature vary according to the maximum allowed indoor relative humidity. In the third 
case the target is reached by means of a dehumidification process. Advantages and 
disadvantages of the different approaches are shown under the energy and exergy points of 
view.  

The present research is done within the framework of the “Spara och bevara” project, which 
targets cost-efficient solutions for the conservation and the use of heritage buildings in 
Sweden and the IEA Annex49 and ESF COSTexergy projects, which aim at energy-efficient 
buildings and communities through the application of the low-exergy approach. 
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