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ABSTRACT 

Thermoeconomic analysis of building energy supply systems are usually performed following the input-
output approach, where the supply chain is divided into several subsystems directly related to each other. 
However, in this paper Symbolic Thermoeconomics has been applied and a dynamic analysis and 
comparison has been performed between the old and the retrofitted heating and DHW facility of four dwelling 
blocks located in Bilbao. 

Having obtained the heating and DHW demands, the corresponding exergy demands were calculated, 
both by the simplified and detailed method. Once the productive structure is defined, Symbolic 
Thermoeconomics is applied. The exergy analysis shows the improvement achieved with retrofitting, going 
from a 2.55% yearly average exergy efficiency of the old facility to a 4.01% value for the retrofitted. 

Then, exergy costs and exergoeconomic costs of the products of each component, particularly the costs 
of the final products, heating and DHW, are expressed as the amount of external resources required for 
obtaining them, either in energy or monetary units. As a result, those costs not including the investment costs, 
are reduced 32.71% for heating and 48.5% for DHW. 

Applying a general and rigorous mathematical approach, the thermodynamic nature of costs and their for- 
mation process are analysed. 

Introduction 

This is the accepted manuscript of the article that appeared in final form in Sustainable 
Energy Technologies and Assessments 27 : 119-133 (2018), which has been published in 
final form at https://doi.org/10.1016/j.seta.2018.04.004. © 2018 Elsevier under CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



Energy analysis in buildings 

One of the current main objectives of the European Union is focused on primary energy conservation and 
the reduction of CO2 emissions, as a consequence of the enduring climate change the world is undergoing. 
Buildings are responsible for almost 40% of the final energy use in the EU and for 30% of the CO2 emissions 
in the atmosphere [1], while in Spain, the built environment accounts for 28% of the final energy consumption 
(18% in dwellings and 10% in tertiary sector buildings) [2]. 

Therefore, the building sector plays an important role in the total energy consumption and many specialists 
are working for the im- provement of buildings energetic efficiency. In recent years, great ad- vances have 
been made in the application of new materials, new façades and roofs and big improvements have been 
achieved in the energy supply systems; particularly with the integration of renewable energies in the hybrid 
installations. Nowadays, the aim is to set up nearly zero energy buildings nZEB, which is the first step towards 
po- sitive energy buildings. That topic has received increasing attention in recent years, until becoming part 
of the energy policy in several countries [3]. 

So far, current analyses of energy systems in the built environment are based on the first law of 
thermodynamics, i.e. they are performed according to the energy efficiencies and based on the primary 
energy input and CO2 emissions, as in [4]; nevertheless, those analyses do not consider the different qualities 
of the energies and they only assume as losses those flows of energy which are not used, generally heat 
flows, without considering the irreversibilities related to equipment im- perfections as additional loss. The 
quality of energy is given by a combined analysis of the first and second law of thermodynamics; these 
combined analyses allow deriving the thermodynamic concept of ex- ergy. The exergy aspects of building 
systems are deeply explained in [5]. 

Exergy analysis in buildings 

Concerning thermal facilities, a significant difference exists between the quality of the energy used for 
generation, as for example, in a natural gas boiler and the heating and DHW demand, where the aim is to 
heat a room at about 21 °C or generate domestic hot water at 60 °C. Then, high quality energy is used for 
producing low temperature thermal energy and, therefore, low quality energy. This situation is clearly exposed 
when exergy analysis is used [6], because exergy losses clearly pinpoint the locations, causes and sources 
of deviations from ideal circumstances; moreover, the exergy efficiencies measure the approach to the ideal 
standard. In such a way, the implementation of a low-exergy building system can be performed [7]. 

Thermoeconomic analysis in buildings 

Most analysts agree that exergy is an adequate thermodynamic property which allocates cost because it 
accounts for energy quality. There are several exergy based-methods [8] and that which follows the goal of 
improving energy efficiency, reducing the environmental impact and enhances sustainability for the building 
energy analysis is Ther- moeconomics. This is the science which connects the physics of buildings with the 
economy through the second law of thermodynamics [9]. Thermoeconomics suggests that the only rational 
basis for calculating costs is exergy. Assessing the cost of the flow streams in a plant helps to understand the 
process of cost formation, from the input resources to the final products. 

Even though Thermoeconomics has been widely used on an in- dustrial level [10], it has been less 
frequently used in the building en- vironment. There are several reasons for this, such as the fact that the 
energy flows are much lower than those of thermal power plants or those of many industrial processes. In 
addition, the analysis uses many concepts and definitions that originated in the electrical power and chemical 
industries, and then, a procedure is required to establish the applicability of those concepts to the built 
environment. What is more, thermal levels are so low that the choice of environmental conditions can 
significantly impact the exergy values [11]. However, work based on building systems exergetic performance 
are rapidly increasing [12–14]. 

Symbolic thermoeconomic analysis in buildings 



Symbolic Thermoeconomics (ST) is a methodology for the analysis of the productive structure and the 
natural resources consumption in energy systems. Based on the Exergy Cost Theory (ECT), it allows ob- 
taining general equations, which relate the overall efficiency of an energy system and other thermoeconomic 
variables such as fuel, exergy cost, etc., with the efficiency of each component which forms it. By bringing 
together ECT and Symbolic Computation (using symbolic computation packages, like Mathematica or Matlab) 
it is possible to obtain general formulae of any energy system. Examples of ST appli- cation can be found as 
in the case of the control strategies study of an airport HVAC system in [15] or the analysis of co-generation 
with gas expansion system [16]. 

Building dynamic case study 

The research in dynamic exergy or exergoeconomic analyses is limited. This paper deals with the 
energetic, exergetic and thermo- economic comparison of an old facility and the new retrofitted one of four 
residential blocks in Bilbao (north of Spain) over a typical me- teorological year. Instead of using the usual 
input-output approach which is suitable for sequential systems, in this paper we make use of ST which allows 
taking into account the different fictitious junction and branching points that can appear in any functional 
diagram of facilities. 

The paper is organized in six different sections as follows. Section “Energy, exergy and thermoeconomics 
in buildings” briefly reviews the heating and DHW demands in buildings, goes over the associated ex- ergy 
demands and refers to ST applied in buildings. Section “Case Study” presents the characteristics of four 
dwelling building blocks to be simulated by the dynamic simulation software Trnsys v17. This Section “Case 
Study” also portrays the characteristic of the heating and DHW installation, the old and the retrofitted one, as 
well as their control systems. In Section “Results and discussion”, the conventional energy results obtained 
through simulation are shown and the exergy results are also displayed and compared with the energy values. 
In Section “Symbolic thermoeconomic study” the economic costs of the flows are obtained and the exergy 
costs of the irreversibilities are evaluated and discussed. Finally, the main contributions and discussion of the 
paper are summarized in Section “Conclusions & discussion”. 

 

Energy, exergy and thermoeconomics in buildings 

Heating and DHW demands 

The heating energy demand is calculated in this work following the ISO 13,790 (2008). According to this, 
the demand is based on the building characteristics, the local climate and the users’ patterns. In this way, the 
heating demand results from the imbalance between energy losses (transmission, ventilation and infiltration) 
and energy gains (solar gains and internal gains) as follows: 

Qheat = Qlosses−Qgains (1)  

This balance is accomplished in every building zone and gathered afterwards for the whole building 
demand calculation. The balance of those thermal zones includes flows of heat and matter, such as venti- 
lation and infiltration, but neither humidification nor dehumidification is regarded. 

The energy demand for DHW supply is evaluated as a function of the required set-point temperature for 
DHW use and the demanded mass flow. 

For an efficient use of energy in buildings, the energetic needs may be covered by using the least amount 
of primary energy as possible. For that, the various existing energy quality levels must be taken into ac- count 
in order to use them appropriately, such as high-quality energy as electricity for lighting and electrical 
appliances or low-quality energy as waste heat for space heating and cooling. High-valuated energy sources 
may be used to cover high-valued energy demands and vice versa. This is pointed out through the exergetic 
analysis of buildings. 



Heating and DHW exergy demands 

Although the exergetic analysis is less common than the energetic one, authors who apply the exergetic 
point of view in the building sector are increasingly growing. A thorough literature review on exergy analysis 
in buildings is found in [17]. 

Several studies using air source ground source heat pumps can be found [18,19] as well as publications 
referring to solar thermal col- lectors [20]. Likewise, work analysing the exergetic performance and 
implementing it in simulation methodologies have been published, as in the case of a hospital trigeneration 
system in [21]. 

The exergy demand for heating is calculated on the basis of the heating energy demand and can be 
defined as the exergy content of this energy, i.e. the minimum amount of work needed to provide the energy 
demand for heating. In similar terms we define the exergy demand for DHW. 

There are two methods for calculating the heating exergy demand: the simplified method, which is mostly 
used, as in [17], and the de tailed exergy demand calculation method. Both of them are extensively described 
in Annex 49 [22]. Likewise, in the case of energy, the exergy demand for DHW is evaluated as a function of 
the required set point temperature and the demanded mass flow, when using the appropriate equation. 

One of the aims of this paper is to show the improvement in the energy and exergy performance of the 
whole energy supply chain in a retrofitted heating and DHW facility, considering both the static en velope 
demand and the dynamic facility of the building. Then, energy and exergy analysis are performed following 
the first and the second law of Thermodynamics. This approach is applied considering a dynamic analysis, 
so that once the general equations are obtained they can be applied to each state of the facility. 

Symbolic thermoeconomics 

The other aim of this paper, and probably the more significant one, is to compare the costs of heating and 
DHW and of all the intermediate flows in the old and the retrofitted facility. 

Thermoeconomics generic overview 

Cost accounting consists of procedures for estimating the total cost of production per unit of output in a 
thermal system. The various methodologies are based on cost allocation rules and calculate costs in an 
accurate way; unfortunately, they lack a mathematical structure, plus it is not easy to identify the process of 
cost formation. In order to overcome this challenge, general relationships that relate the cost of the products 
with efficiency and irreversibilities of each component are required. In this regard, ST, based on the Exergy 
Cost Theory, provides a rigorous mathematical approach of the process of cost formation. 

Thermoeconomics [23] has been applied to the analysis and design of different building energy supply 
systems and heating and cooling systems, as in refrigeration [24]; in ground-source heat pump systems [25]; 
in systems containing energy storage [13]; and also in system diagnosis such as in [26–28]. In addition to 
these, Thermoeconomics has also been integrated into building energy retrofit design, as in the 

case of [29]. Nevertheless, in most of these publications the input output approach is used whereas in this 
paper the use of ST is proposed. 

Notwithstanding the lack of ST implementation, there are some papers dealing with it in building energy 
system refurbishment: as it is the case of [30], where thermoeconomic is used in order to study the waste 
heat retrofitting cost impact in the renovation of a natural-gas cogeneration system. In this case, the 
reasonable evaluation for the allocation of residue cost is proposed; whereas [31] presents an in dicator that 
is presented in order to compare different building energy retrofit designs and determines the one which has 
the best exergetic and exergoeconomic performance. 

ST generalities: Productive structure 



When performing a thermoeconomic analysis, a functional model of the facility needs to be defined. From 
the physical model of the facility this implies defining a productive structure, or Fuel/Product diagram, which 
shows where the product of each component is used and the origin of the resources of each component. In 
accordance with this model the production of one component is used as fuel for another component or as 
part of the total production of the facility. 

In this case, the resources required by the system in order to supply the demand for heating and DHW are 
to be obtained. Those inputs vary depending on the plant structure, which is described through the junction 
coefficients, the exergetic consumption of each unit and the final output production. This formulation is known 
as PF or the demand-driven model. If the objective is the opposite, that is, if the goal is to assess the output 
production depending on a specific entrance of resources, the formulation should be named FP or supply 
driven model. This, con versely, is described through the distribution coefficients, the exergetic consumption 
of each component and the input resources consumption [32]. 

ST study: Exergetic cost 

Once the productive structure of the facility is specified, as in sightfully explained in [32], the unit exergy 
costs of fuels and products, kf and kp , of every component can be calculated. Both exergy costs are 
associated with the cost of external resources, ke , and the matrix operators |kf 〉 and |kp 〉 (which, in turn, 
contain the marginal exergy consumption of each component κij ) through the equations: 

 (2) and (3) 

ST study: Exergoeconomic cost 

Likewise, the exergoeconomic costs of fuels and products, c Fi and c Pi , can be related to the unit 
exergetic costs of the external resources, cei, by using the |k∗ 〉 and |k∗ 〉 matrix operators and also the zfi 
and zpi vectors which stand for the amortization, maintenance and other operating costs of the ith unit, per 
unit of fuel i or product i respectively [32]: 

 

 (4) and (5) 

ST study: Total cost 

Then, the final costs of fuels and products are easily obtained by multiplying the unit exergoeconomic 
costs with its corresponding ex ergy of fuels or products as follows: 

(6) and (7)  

Hence, thanks to this formulation, the increase of the flow costs during energy conversions can be easily 
observed. 



As a result of the versatility of ST, the cost formation accuracy raises as the number of the facility’s 
subsystems increases. That is, with a more detailed definition of the subsystems, a greater understanding for 
the cost formation process is achieved. 

To sum up, the extra insight over basic Thermoeconomics, and also the main objective of the ST 
methodology, is the obtainment of a cost formation process. Thanks to this tool, the interrelation between com 
ponents, based on the productive structure of the system, is symboli cally displayed. This way it can be easily 
seen how the whole plant efficiency changes when the efficiency of any component varies. As ST is joined 
together with ECT, the change in cost can also be checked when a parameter varies [32]. So, one objective 
of this work is to analyse how the cost varies from an old facility to the renovated one. 

 

Case study 

The case study refers to four dwelling blocks with a common heating and DHW supply system. Those 
blocks located in northern Spain, Bilbao, were built in the 70 s; one block (I) has 190 residents, two of them 
(identified as II and III) have 108 residents each and the fourth one (block IV) has 160, see Fig. 1. The energy 
supply system has been recently retrofitted and the boilers and circulating pumps have been removed as is 
explained later on. 

Building's general description 

The four buildings have the same structural characteristics, see Table 1. 

The energy performance of the buildings has been analysed by means of the dynamic simulation tool 
Trnsys v17 [33]. The building model is based on the multi-zone building component with energy balance in 
each zone; all the architectural properties and thermal characteristics of materials can be faithfully 
represented. More details can be found in the Trnsys User Manual where a mathematical de scription of the 
models and the energy balances are presented. 

The weather data has been introduced on an hourly basis in the simulation so the heating demand is also 
calculated hourly. Bilbao’s weather data was taken from METEONORM software [34] which pro vides the 
yearly data based on the last 30 years of weather data averages. To define the simulation condition 
(ventilation, infiltrations and thermal gains), the values of Appendix C of the Technical Building Code HE1 
have been adopted [35]. A 20 °C thermal comfort tempera ture has been considered and the night setback is 
regarded from 11p.m. to 6 a.m. allowing a temperature drop of 4 °C during those hours. The heating timetable 
is from November 1st up to April 30th and the heating is turned on when the outside temperature is below 15 
°C, or when the average temperature of the last eighteen hours is less than 15 °C. 

DHWcalc tool [36] has been used for the calculation of the DHW [l/ h] demand. The program distributes 
DHW draw-offs throughout the year by statistical means. Thus, considering the number of dwellings in every 
block and therefore the number of inhabitants, the DHW demand profile for an entire year has been hourly 
extracted, being the DHW provided at 55 °C. Fig. A.1 represents the annual demand for heating and DHW. 



 

Fig. 1. Four blocks case study. 

 

Table 1. Structural characteristics for the blocks. 

 

Building thermal facility 

Driven by current building regulations, building energy retrofit is largely reliant on maximizing thermal 
efficiency of the building’s en velope before heating system improvements are introduced. In spite of this, due 
to the problems of the old heating installation and the lack of resources, the neighbourhood community 
decided to proceed with the heating installation improvements first. For this reason, the heating and DHW 
demands remained the same, due to the fact that the buildings had only a retrofitted energy supply system. 

① There were three fuel oil boilers in the old facility, two 2325 kW boilers and one of 1162 kW. Those 

boilers have been replaced with natural gas boilers, two low-temperature boilers of 1900 kW each and a 1150 



kW condensing boiler ② provided with a heat recovery heat exchanger that condenses the combustion 

exhaust gases. 

The hydraulic circuit of both facilities, the old and the retrofitted one, is the same. The boilers are connected 
to the distribution circuit by means of a hydraulic collector whose aim is to separate the heating and the DHW 
circuits. The heating distribution is branched into four hy draulic circuits, one for covering the heating demand 
of each block. The DHW distribution is split into two branches: one goes to the lower floors and the other one 
supplies the DHW demand to the higher floors. Likewise, the lower floor’s circuit contains two 3500 l storage 
tanks and the higher floors have one 4000 l storage tank. 

③ The circulating pumps in the old circuit were constant flow pumps while the new ones are variable speed 

pumps. This means that the old heating circuit branches were provided with 3-way valves in order to match 
the heating temperature to the requested set-point. The retro fitted facility takes advantage of the new pumps 
variability so the 3-way valves are avoided. 

The various components appearing in the study case are simulated using adapted models available from 
the Trnsys library. Fig. 2 depicts the new facility where, additionally, the renovations are highlighted with purple 
dotted circles, besides Table 2 summarizes the enhance ments from the old one, see also Fig. B.1 where the 
old facility scheme is depicted. 

The master control of the facility can be outlined as follows: DHW takes precedence over heating and 
DHW is enabled over the whole year whilst heating is turned on during the heating period. The storage tanks 
are continuously monitored to be at a temperature beyond 60 °C in order to avoid legionella. If during the 
heating season the temperature in the collector is lower than 60 °C, the boilers are switched on fol lowing a 
cascade control. 

 



 

Fig. 2. Scheme of the New facility. Renovations are highlighted with purple circles. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

Table 2. Summary of the renovations. 

 

  

Table 3. Subsystems of the new facility. 



 

 

 

Fig. 3. Productive model of both facilities. 

  

ST generalities: Productive structure 



As previously mentioned, the accuracy of the cost formation process directly depends on the chosen 
productive structure. This case study deals with two facilities so that different productive structures are de 
fined for the old and the retrofitted facility. 

The old facility is specified by 27 subsystems, 70 flows and 7 out puts (4 heating outlets and 2 DHW exits, 
see Fig. B.1 where the flows and component are represented) whereas the new facility contains 20 
subsystems, 62 flows and 7 outputs. 

Although having different symbolic structures, the subsystems were later combined into specific groups in 
order to make the comparison between both facilities clearer. The list of the particular groups used for both 
analyses is given in Table 3 where a key naming and a brief de scription of each component are represented. 

The conventional energy transformation phases in a building facility are graphically depicted in Fig. 4. As 
can be seen, it is divided into the following layers: Primary Energy (P.E.); Heat Generation (Gen.); Col lector 
(Col.); Heat Distribution and DHW Primary Circuit (Dist.); Heat Distribution and DHW Storage System (Stor.); 
Heating Emission and DHW Supply (Emis.); Room Air (R.A.) and Envelop (Env.). 

The generically grouped productive model common for both facil ities is graphically depicted in Fig. 3. The 
red arrows highlight the system production that goes to the R.A. while the green arrows re present the 
incoming resources, i.e. combustibles for boilers (continued lines), electricity input for pumps (dotted lines) 
and cold water for DHW circuit (grated lines). Additionally, there is also a dotted red arrow that represents the 
extra input coming from the condensing boiler recovery system of the new facility. As can be seen, a simple 
input-output analysis typical for a sequential system could be used for everything except for the 3-way valves 
in the old facility and the DHW storage system in the new one. 

 

Fig. 4. Common transformation phases in a building facility. 

 

 

Fig. 5. Energy balance. 

 



 

Fig. 6. Exergy balance. 

  

 

Fig. 7. Energy and exergy flow diagram in the old and the new facility. 

 

Results and discussion 

 

Heating and DHW demands 

Heating demand is obtained using Trnsys v17 simulation software with a 1 h time-step and follows a typical 
profile of Northern Spain dwellings [37]. As already mentioned, DHWcalc tool has been used for the DHW 
calculation. Both demands are hourly stored to be im plemented in the simulation of both heating supply 
systems. 

The yearly energy balance is depicted in Fig. 5. Losses, represented in the right column, are heat transfer 
from the building envelope, Qtrans (965MWh); sensible heat losses from ventilation air, Qvent (410MWh), 
and losses owed to uncontrolled flow of air through cracks in the building Qinf (332MWh). Conversely, the 
gains are due to solar gains Qsol (386MWh) and internal gains Qint (312MWh) and are depicted in the left 
blue part of Fig. 5. Additionally, the vertical green arrow stands for the required yearly heating demand 
(1,009MWh). 

Once the heating demand has been calculated, the exergy demand, Eheat , is obtained according to the 
simplified and the detailed approach. The results obtained by both methods are shown in Fig. 6. As re 
commended in [22] the surrounding outdoor air has being taken as the reference environment. 

The yearly exergy demand obtained by the detailed approach (26,804kWh) is significantly lower than the 
value obtained by the sim plified approach (33,074kWh). This is explained as ventilation and in filtration losses 



are larger than the net heat demand, due to solar and internal gains, and as a result, ventilation air does not 
need to be pre heated to the interior temperature but to a lower temperature that varies according to each 
hourly thermodynamic characteristic. 

Besides that, as justified in [22], the closer the operative tempera ture Top is to the environment’s 
temperature the bigger the difference is between the simplified and detailed approach. Consequently, the de 
tailed method is applied from now on in the study. 

In Table 4 the yearly heating and DHW demands in energy and exergy terms are presented. As shown in 
energy terms, DHW represents 28.1% of the heating demand, whereas in exergy terms that percentage 
increases to 69.2%. 

Table 4. Yearly energy and exergy DHW and heating demands. 

 

Energy and exergy analysis of both facilities 

The two facilities have been simulated during a year with a 0.5 h time-step, according to the demand 
calculated in the previous section, QD = Qheat + QDHW . Those simulations enable the gathering of the 
thermodynamic parameters needed to calculate the energy and exergy of all flows. 

The study has been dynamically processed and afterwards the an nual values were accumulated. Owing 
to the huge number of data, only the hourly energetic and exergetic study corresponding to the 5th of February 
has been depicted in Figs. C.1 and C.2 following the same layer structure as the rest of the graphics. 

In Table 5A), the annual energy and exergy values of primary re source input, the energy and exergy inputs 
and outputs and the effi ciencies of the main sections as well as the constituent components are displayed 
for the old facility, whereas in Table 5B) those values refer to the new facility. Both Tables are subdivided in 
the layers represented in Fig. 4, and the red box reflects the extra input coming from the con densing boiler 
recovery system. The coefficients used to obtain the primary energy are 1.12 for fuel oil and 1.07 for natural 
gas, whereas the quality coefficients are 1.07 and 1.04 respectively. 

 Likewise, Fig. 7 has been built in order to pictorially summarize all the information. This is an overview 
which allows both the comparison between energy and the exergy conversions and the distinctiveness among 
the old and the new facility. These graphs are divided into the same layers as the above tables and Fig. 4. 

By contrasting the energy behaviour of the old and the new facility the following can be concluded: 

 A 35% primary energy savings has been reached with the refurb ishment, not only because the natural 
gas has replaced the fuel oil, but also because the new boilers have a better energy performance. 
Moreover, contrary to the oversized old facility, where the second boiler was always turned off, the 
three boilers now intervene in heat production (see P.E. row in Tables). 

 In the heat distribution system, higher losses appear in the old facility (see their Dist. Heat performance 
in Table 5A)). This is because 3-way valves are modulating when following the demand, instead of the 
variable flow pumps which are in the new facility. 

 The DHW tank’s performance is also enhanced due to the extra heat inserted by the HR (see red box 
in Table 5B) and red arrow in Fig. 7). 

 



 

Fig. 8. Exergy destruction and unit exergoeconomic cost in the old and new facility. 

 

Table 5. Annual energy and exergy values of the old A) and new facility B). 

 

 

 Table 6. Unit exergy costs of F and P of the old A) and the new B) facility. 



 

  

Table 7. Unit exergy costs of F and P of the old A) and the new B) facility. 

 

 

Table 8. Cost of heating and DHW. 

 

By contrasting the exergy behaviour of both facilities, the following comments can be made: 

 Huge irreversibilities are encountered in the heating production system (see the low exergetic 
performance of boilers in tables and the low value of the Gen. layer in Fig. 7). This emphasises the 



idea of the strong irreversibilities that take place in the mixing, combustion and heat transfer processes 
that take place in the boilers. 

 Even if the space heating radiators’ system has an energy efficiency of almost 95%, its exergetic 
efficiency is substantially lower (∼71%). There are also big exergy destructions in the air room (∼77%) 
because the operating temperature is sensibly lower than the average surface temperature of the 
radiators’ system. 

 The exergetic performance reduction in DHW tanks is also remarkable because not only the exergy 
losses associated to heat losses are considered but the irreversibilities arising from flow mixtures inside 
the tanks as well. (see the exergetic efficiency in Stor. box in Table 5A) and B)). 

 

Symbolic thermoeconomic study 

Exergetic cost 

The unit exergetic costs of fuels and products, kf and kp, of every subsystem have been calculated and 
collected according to the common groups in Table 3 (k ∗ vector and |k∗ ) matrix used for the resolution of 
Eqs. (2) and (3) can be found in Tables D.1 and D.2). The following Table 6A) and B) contain the unit exergy 
cost values for the old and retrofitted facility respectively. Every subsystem's irreversibility is pointed out 
through the increment of the unit exergy cost emerged from its fuel consumption to its product. 

The highlighted blue boxes in the tables indicate the unit exergetic cost of DHW in the low dwellings circuit 
and in the high dwellings circuit. Equally, the emphasised red boxes show the unit exergetic costs in each 
block heating circuit. As heating demands are at the end of the energy conversion chain, they display the 
bigger values since they in corporate all the exergy destructions picked up along the way. 

If the old and new facility values are contrasted, important exergy savings can be noticed either in heating 
or DHW. Whereas in the old facility, the heating average unit exergetic cost is 47.8, in the new one it is 25.3. 
In the same way, the DHW average unit exergetic cost in the old facility is 22.7 whereas in the new one it is 
20.2. Referring to Table 6B), note that the cost saving emerged from the heat recovery in T2 Kft2,new = 7.02 
is lower than kft2,old = 9.46 due to the new input of the condensing boiler. 

Exergoeconomic cost 

 As Eqs. (4) and (5) exhibit, two components intervene in the exergoeconomic costs: one is associated to 
external resources, ce , and the other one to the amortization and maintenance costs of the units, zi . The 
exergoeconomic costs associated with the external fuels ce are obtained from their market prices and their 
values are c old = 8.52c €/kWhex and c new = 4.75c €/kWhex for the combustibles and ce = 12.21c €/kWhex 
for the electricity. The main water stream is a non-exergy-related cost that affects the total cost, being that 
cost equal to 51.97c €/m3. 

In order to compare the costs of both facilities, only the external resource costs are taken into account. 
The values obtained are depicted in Table 7A) and B). 

As can be seen, due to the different prices of the fuels used and mostly thanks to the reduction of 
irreversibilities achieved with more efficient components, the economic saving in the retrofitted facility is quite 
relevant. The unit exergoeconomic heating cost in the new facility is almost 69% lower than in the old one 
(see red boxes) whereas the unit exergoeconomic DHW cost has practically been cut in half (see blue boxes). 

All these results are graphically outlined in Fig. 8. Besides the unit exergoeconomic cost, the cumulative 
exergy destruction has also been portrayed for the old and new facility. 

Total cost 



Eq. (7) enables the calculation of the heating and DHW unit costs and total costs. Now the vector 
containing the amortization, main tenance and other operating cost values zi have been considered. This Z 
vector can be found in Table D.3 where the whole unit exergoeconomic cost vectors of fuels and products 
are also shown. A 30 year useful life has been assumed and an annual interest of 5% and a maintenance 
cost of 2.5% of the total inversion have been estimated. The total unit costs, in an energy base, of each 
demand c PTOT , containing both the cost due to the external fuels ce and those associated with z , are 
shown in the first column of Table 8 while in the last column the yearly costs of each block demand are 
summarized. 

Even if the DHW unit cost of the higher floors is slightly higher than the lower floors’ unit cost, the total 
yearly cost is lower because more demand is supplied by the low circuit, i.e., more users are supplied by it. 
Something analogous occurs with the heating demand. The biggest irreversibilities encountered by the 
heating distribution system are lo cated in block III and therefore cPTOT = 6.80c €/kWhen takes the biggest 
value. Although blocks II and III have similar architectural structures, the heating demand depends on the 
building occupation and orienta tion and so the lowest heating demand is in block III as is its yearly cost. 

 

Conclusions & discussion 

Overall findings 

Conventional energy analysis is based on the first law of Thermodynamics, so, it is restricted to simple 
energy accounting, which quantifies the energy inputs and outputs in a system or a building. In this way, the 
energy extracted from resources (fuels, electricity, matter flows and so on) must be converted in products or 
by-products. Under this perspective, the outputs which are not used are simply considered as losses. 

Similarly, the performance or efficiencies of processes and equip ment is usually expressed by coefficients 
based on the first law. Although there are various ways of expressing these efficiencies, none of them take 
into account the quality of energy. 

By contrast, exergy-based efficiency definitions more thoroughly describe the use of those resources and 
give a clearer guidance of the possible improvements throughout the system. This is especially useful in 
buildings were low quality energy demands are required, such as heating and DHW. Therefore, as stated in 
the second law of Thermodynamics, the real energy requirement of a building can be measured and the real 
losses (the exergy destructions) can be quantified and located. Moreover, the exergy destruction is a valid 
measure of the irreversibility of a process since it directly evaluates the decrease of the available work. 

However, while working with a whole system, the exergetic method does not allow the effect of each 
component’s irreversibilities on the global resources consumption to be determined, that is to say, it does not 
enable to designate the part of the cost of fuel consumption caused by each equipment exergy destructions. 
To achieve this goal, Thermoeconomics has been broadened and it combines the second law of 
Thermodynamics with economic concepts. Hence, the exergetic cost concept was developed, which 
represents the required exergy to pro duce a flow calculated from its formation process. This exergetic cost 
is the weighted factor of each irreversibility over the global resources consumption, and in order to determine 
those exergy costs, a produc tive structure of the facility must be defined. Symbolic Thermodynamics (ST) 
allows this analysis to be conducted and is par ticularly suitable for large scale installations. 

In conclusion, Thermoeconomics is an exergy based science which, among other applications, enables 
the exergetic and exergoeconomic costs of all the flows along the system. Besides that, ST is a methodology 
used to obtain general equations, which relate the overall efficiency of a facility and other thermoeconomic 
variables with the efficiency of each component that forms it. 

Specific findings 



As a case study, the old and the retrofitted heating and DHW facility of four block buildings located in 
Bilbao have been studied and com pared. The presence of 3-way valves in the circuits and the heat re covery 
in the condensing boiler suggest the use of ST instead of the most common input-output approach. 

The heating and DHW energetic and exergetic demands have been calculated, having identified the 
detailed exergetic demand method as more appropriate than the simple one due to the big losses associated 
with ventilation and infiltration. The exergy analysis shows the im provement achieved with retrofitting, going 
from a 2.55% yearly average exergy efficiency of the old facility to a 4.01% value for the retrofitted one (the 
energy performance raises from 59.90% to 91.64%). As expected, the biggest irreversibilities are 
encountered in the boilers which account for 81% of the total exergy destruction. The heating distribution and 
emitters also have high irreversibilities and they amount to 11%. 

Once the productive structures of the facilities have been defined in the demand-driven mode, the 
exergetic costs and the exergoeconomic costs of every flow were calculated. Referring to the final products 
of the old and retrofitted facility, the values obtained are 47.8 and 25.3 for heating and 22.7 and 20.2 for DHW 
respectively. These values show the big improvement achieved with the refurbishment. Similarly the values 
obtained for the unit exergoeconomic costs, not including the invest ment costs are 15.93 c €/kWhen and 
5.21 c €/kWhen for heating and 10.04 c €/kWhen and 4.87 c €/kWhen for DHW, highlighting once again the 
big savings in fuel costs achieved with the new facility. 

Finally, the total costs of heating and DHW for the new facility have been obtained and the values referred 
per energy unit are presented. Small differences in heating costs depending on the branches of the circuit 
can be noticed and in the DHW, differences are observed be tween the lower and higher floors as well. The 
application of ST allows these different values to be obtained, whereas if an input-output ana lysis had been 
performed instead, even if the results would be similar, these small discrepancies could not have been 
observed. 

Thanks to the detailed results that ST enables the cost formation process to be obtained in a way where 
every cost increment can be detected and ascribed to a specific cause. The exergy destruction in every 
component can be identified and the cost increment, due to an unexpected fault, can be recognized. 
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Annex A 

 

 

Fig. A.1. Total heating demand [kJ/h] and DHW demand [l/h] during the year. 

 

  



Annex B 

 

Fig. B.1. Old energy supply system. Representation of components and fluxes. 

  



Annex C 

 

Fig. C.1. Hourly study which shows the exergetic transformation chain of February the 5th . 

 

 

Fig. C.2. Hourly study which shows the energetic transformation chain of February the 5th . 

 

  



Annex D 

 

Fig. C.2. Hourly study which shows the energetic transformation chain of February the 5th. 
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