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Abstract: The exploitation of the huge potential for industrial waste heat recovery detected in Europe represents an 
opportunity to accomplish the objectives set by the European Union with the aim to reduce resources consumption, 
greenhouse gases emissions and to fight climate change. The CE-HEAT project, financed by the Interreg Central 
Europe Programme, aims to improve the governance of energy efficiency by focusing on the field of waste heat 
utilization in Central Europe space. In order to aid the decision-making process of investors and policy makers, an 
online decision support tool for the preliminary assessment of investments in waste heat recovery projects has been 
implemented. Different operating scenarios could be compared combining various heat recovery technologies, some 
of which considering single companies (absorption chiller, heat exchanger, heat pump) and others network oriented 
(district heating, ORC). The operation of the online tool is based on a multi-objective decision support system (DSS) 
which has been specifically developed. The objective functions evaluate environmental impact minimization and 
economic performances maximization, ensuring a sustainability analysis. In order to evaluate the main parameters that 
interest the stakeholders, decision variables such as incentives, grant, thermal and electrical energy costs have been 
considered. The developed DSS is aimed at helping final users in the decision-making process through a conscious 
comparison between different waste heat recovery options based on the exploitation of different technologies. Once 
the input variables are selected by the user, the program will provide the decision support suggestions in terms of 
sustainability performance indicators, displayed by graphs and tables, allowing a comparison of these options. 
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1. INTRODUCTION 

Due to the commitment of the EU and its Member States 
to the Paris Agreement the 20% cut in emission target for 
2020 is likely to be met and new objectives have been 
imposed aiming at an emission reduction by at least 40% 
between 1990 and 2030 (European Commission, 2017). 
Targets have also been set on energy efficiency and 
renewable energy. Energy Efficiency and Renewable 
Energy Directives set a 32.5% energy efficiency target and 
a 32% renewable energy target for 2030. The latter in 
particular raises the level of ambition for the 
heating/cooling sectors (European Commission, 2018). 
European governance is integrating energy efficiency and 
the recovery of waste heat into its energy policies, since  
industrial energy consumption constitutes about 62% of 
the total (Brückner et al., 2015) and a huge potential for 
industrial waste heat recovery has been detected in Europe 
(Möller et al., 2018) within the identification of local heat 
demand and supply areas. Concerning the integration of 
industrial waste heat, much research has been done during 
the last decades, leading, among others, to the concepts of 
Total Site Heat Integration (TSHI) and of Locally 
Integrated Energy Sectors (LIES) (Perry et al., 2008). 
(Nardin et al., 2018) has conducted a detailed study of the 
possible technologies for waste heat recovery from EAF 
proces, highlighting their advantages and limitations. The 

authors have classified these technologies in three main 
groups, depending on the heat recovery approach adopted: 
direct, indirect or innovative heat recovery. A decision-
making framework has also been proposed, aiming at the 
identification of the most appropriate waste heat recovery 
option in waste heat recovery projects involving energy-
intensive industries. (Simeoni et al., 2019) investigated the 
case study of a DHN fed by a steel-making industrial facility 
waste heat, at service of a typical European small town. The 
authors carried out an environmental-economic analysis 
considering different scenarios showing that the recovery 
of waste heat represents a convenient alternative on both 
sides, allowing the reduction of greenhouse gases replacing 
fossil fuels and so representing a renewable source of 
energy, and cutting out all the dissipation and supply costs 
related to waste heat and traditional fuels. Such a model can 
be used not only in the design phase but also to support 
regional development. 

In this context, the CE-HEAT project, funded by the 
Central European Programme and involving 9 partners 
from 7 different Countries, aims to increase energy 
efficiency (in a circular economy perspective) and to reduce 
greenhouse gas emissions through the exploitation of 
industrial waste heat as an energy source. The main 
objectives of the project are (1) the preparatory production 
of a land register of regional waste heat (supported by GIS) 
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and subsequently (2) the development of a toolbox for the 
preliminary assessment of investments in waste heat 
recovery projects. Concerning the first target, the 
developed atlas accounts for the industrial facilities spread 
all over the regions involved in the project and reports the 
theoretical waste heat potential determined through a 
bottom up estimation, derived from industries’ 
environmental permits, which tends to be preferable with 
respect to the top-down approach (Brueckner et al., 2017), 
distinguishing the waste heat sources between hot water or 
hot exhaust gases depending on the specific industrial 
process. 

The main objective of the project is the implementation of 
a toolbox which is meant to allow a conscious selection of 
the most suitable waste heat recovery option, based on the 
exploitation of different technologies (“Interreg 
CENTRAL EUROPE CE-HEAT,” 2019). To successfully 
conduct such a decision-making process, a holistic decision 
support system (DSS) has been developed, comparing the 
various waste heat recovery options through the evaluation 
of technical, economic, environmental and energetic 
performance indicators. 

2. THE DECISION SUPPORT SYSTEM 

The objective of the toolbox is to perform a pre-feasibility 
analysis of different waste heat recovery options, providing 
the various stakeholders involved in a waste heat recovery 
project an overview of the economic and environmental 
impact of their choices and to allow a more conscious 
decision-making process. It’s worth noting that the level of 
detail of the available input data concurs to determine the 
level of accuracy of the evaluation made through the 
proposed decision model. Given the level of detail of the 
information available from the atlas provided for the 
toolbox, the developed toolbox is meant to be 
characterised by the horizontal approach in terms of depth 

of analysis as shown in Figure 1. Waste heat sources, waste 
heat recovery technologies and final users are then 
investigated at a simplified first level of detail, i.e. input data 
are average values of the involved quantities, e.g. thermal 
power available for recovery, temperature, users 
requirements, etc. Moreover, the waste heat sources have 
been modelled with two main clusters, continuous or 
discontinuous, depending on the features of the industrial 
process (and similarly as regards final users). The optimal 
matching of waste energy availability and energy demand 
represents a big topic concerning industrial waste heat 
recovery, since this could determine the feasibility of some 
technical options and/or increase the sustainability benefits 
of the project. With the aim of investigating this aspect, a 
future development of the research is needed, since a 
deeper characterization of waste heat sources and final 
users demand should be provided (e.g. hourly profiles of 
waste energy and energy demand) and, moreover, a more 
detailed mathematical model should be developed in order 
to allow the adoption of the third hierarchical level of the 
DSS (see Figure 1). 

A state of the art review of decision making methods 
applied to sustainable energy planning is provided in 
(Pohekar and Ramachandran, 2004). The conceptual 
scheme of the developed DSS is represented in Figure 2, in 
which the three typical phases are highlighted, as in 
(Mattiussi et al., 2014). The investigative phase concerns 
data acquisition (characterization of the waste heat source, 
technologies and users) according to the hierarchical level 
of detail reported in Figure 1. The design phase consists of 
the analysis performed through simulations. The first step 
is the definition (through the so-called Formative Scenario 
Analysis) of the list of alternative waste heat recovery 
scenarios to be evaluated. The considered scenarios are 
selected from a list of available technologies, namely 
organic Rankine cycle (ORC), direct recovery through heat

Figure 1: Hierarchical location of the developed DSS 
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Figure 2: Scheme of the developed decision support system 
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the exploitation of the different waste heat recovery 
technologies, therefore their selection is driven by the 
temperature range of the available waste heat source, 
according to the compliance with some technical 
constraints specific of each technology. Economic features 
such as capacity-specific investment costs, but also O&M 
costs must be available for each of the considered 
technology in order to allow the evaluation.  

Beside technical constraints for each considered 
technology, site-specific boundary conditions are also 
considered, e.g. the presence of a basin of potential user for 
district heating, determining the automatic exclusion from 
the DSS evaluation of the non-compliant scenarios. Finally, 
concerning the constraints imposed to the output of the 
multi-objective optimization model, mainly the compliance 
with some threshold value of economic indicators such as 
e.g. maximum payback time and minimum debt service 
coverage ratio (DSCR) has been imposed as constraint of 
the developed model. 

Since the aim of the toolbox is a sustainability evaluation of 
waste heat recovery interventions, beside the economic 
objective functions, also the environmental (carbon dioxide 
emission minimization) and the energetic (primary energy 
saving maximization) ones have been considered within the 
developed DSS. 

The critical parameters influencing the decision-making 
phase are considered as decision variables of the multi-
objective optimization problem. The decision variables 
considered within the DSS for the development of the 
online toolbox are briefly the thermal power to be 
recovered from the industrial source, the specific 
cost/value of the electric energy from the grid, of the 
thermal/cooling energy, and the specific value of the 
economic grants linked to the environmental and energetic 
benefits, such as the Italian TEE (corresponding to one 
TOE of primary energy saving). Considering the district 
heating scenario, also the nominal thermal capacity of the 
DH Network and its length have been considered as 
decision variables of the optimization problem. Due to the 
relevance of the potential environmental benefits related to 
such waste heat recovery projects and then due to their 
strategic nature in terms of sustainable development, since 
at the same time the degree of complexity and the amount 
of the investment cost required together with the economic 
performances are not typically sustainable by companies as 
energy efficiency is not a primary investment objective, a 
share of capital investment could be provided by a public 
body as incentive fee. Since the Decision Support System 
is designed mainly for investors and policy makers, this has 
been accounted through the further decision variable 
“grant”. Decision variables are characterised by a range and 
step of variation, which are defined according to the 
objectives of the toolbox to be developed while taking into 
account aspects such as computational speed and 
feasibility. 

The four-steps simulation procedure (design of experiment 
DOE, calculation, variation of the initial population, Pareto 
front) of the multi-objective optimization model, is well 
described by the authors in (Simeoni et al., 2018) and could 
be performed by typical commercial software. 

The decision making represents the last phase of the 
developed DSS and is intended to be performed through a 
comparison of the sustainability performance of the 
different scenarios and, moreover, through an analysis of 
the impact of the various decision variables on the objective 
functions. The conflict between the different objective 
functions can be clearly highlighted and suggestions about 
the solutions allowing a compromise based on the different 
goal of the stakeholders involved are provided. 

3. Recovery systems modelling 

Despite what said by the authors (Simeoni et al., 2019), on 
the utilization of waste heat, this work studies the 
possibilities of the recovery of industrial waste heat for 
internal use inside the facility itself or to be used in the area 
surrounding the company, so only two elements have been 
considered in this model: 1) the waste heat source and 2) 
the basin of consumers. As the model has been developed 
to be implemented in an online tool as an aid for industries 
seeking energy efficiency interventions, both energy 
availability of the source and energy demand of the 
consumer can be modified by the user in order to meet the 
case’s specific requirements (as it will be explained in more 
details in the following subsection). Given the wide range 
of activities and processes taking place in the companies, 
the model takes also into account the fluid that is carrying 
the waste energy (exhaust gases or hot water). In order to 
meet the different requirements of the users, as said before 
six different solutions have been investigated: 

� ORC cycle: when electric power is required; 
� Absorption chiller: when the user has 

refrigeration needs; 
� Heat exchanger: to satisfy heat demand through 

a direct utilization of the waste heat; 
� Heat pump: in order to allow the utilization of 

low temperature waste heat; 
� District heating: to cover heat demand of  user 

basin located in a far distance from the recovery 
source; 

� Combination ORC + district heating: to analyze 
the feasibility of a technology cascade system 
aiming to the minimization of the wasted exergy. 

3.1 Availability and demand characterization 

While studying a solution for heat recovery, the main aim 
is not the satisfaction of the user demand but the 
maximization of the recovery of waste energy. With this 
idea, the model is not based on the characterization of the 
user demand, but on the time scheduling of the availability 
of the heat source. The week has been divided in 7 days, 
and in every days 4 groups of 6 hours have been considered. 
Using a Boolean variable it has been indicated if the heat 
source was available in the selected time slot. The same 
method has been applied on the characterization of the user 
demand. The characterization ends with the definition of 
the source and user input and output temperatures and 
mass flow rates. 
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From the selected input and output temperature of the 
source, the specific enthalpy of the fluid can be determined. 
Depending of the fluid type two different equations can be 
used: 

ℎ =  
�

1000 �692 + 0.075 � + 
17.5 + 0.0547 � 

��/�
+  �� 

 in the case of exhaust gases, where: 

� T is the fluid temperature in K; 

� R is the gas constant 

� λa/f is the equivalent air fuel ratio. 

And  

ℎ = 4.1915 � + 0.7836 

in the case of water, where: 

� T is the water temperature in °C. 

Once the input and output enthalpies are determined and 
knowing the yearly working hours of the source it is easy to 
calculate the yearly produced energy. Two different clusters 
have been identified based on productive cycle features: 

� Continuous: the heat source is available 24 hours 
a day for 7 days a week. This has been adopted for  
steel casting facilities, glass, paper and concrete 
manufacture; 

� Discontinuous: the heat source is available for 12 
hours a day for 5 days a week (from Monday to 
Friday), for example textile and food industries. 

3.2 Technology design  

Every considered technology, which model has been 
developed by the Maribor’s University partner,  is fed with 
the energy recovered from the waste heat source, and, since 
the idea on which the work is based is not to design a 
system in order to cover the energy demand of the user but 
instead the recovery and utilization of waste heat, any other 
integration energy source has been considered. Thermal 
energy storages have been inserted in the plant, as an aid to 
the recovery source. This contributes to the maximization 
of the recovered energy since the TES can provide energy 
in those period when the user energy demand is not directly 
covered by the waste heat source. TES are necessary also 
to cover the demand during the maintenance stops of the 
heating source. So the total required TES is obtained 
summing the capacity necessary to cope with these two 
source voids, and is computed from the maximum energy 
request due to the time mismatch between the availability 
of the source and the demand of the users. 

Once energy analysis is concluded and the power of the 
selected technology is identified, the cost analysis can be 
carried out. 

3.3 Cost evaluation 

As reported in the decision support system paragraph, 
multi-objective optimization takes into account also 
economic parameters. 

Each technology is composed by specific components that 
differ from one system to another like turbines, 
compressors, generators, pumps, heat exchangers, cooling 
towers, pipes, fans. Cost functions are used to estimate the 
purchasing cost of individual component of any technology 
considered. The cost functions are constructed as proposed 
by (Bejan et al., 1996) where the purchase cost of an 
equipment item Cy at a size or capacity Xy can be calculated 
based on knowledge of the cost Cref at a different size or 
capacity Xref by use of a scaling exponent a: 

�� =  ���� ∙ �
��

����
�

�

 

In addition to the cost of the specific components, general 
costs and revenues common to all technologies have been 
considered. These are the operation and maintenance costs 
(O&M), the engineering costs, the costs for civil buildings 
constructions, and once the sold energy price has been 
fixed also the revenues due to the sold energy can be 
considered. Through the calculation of cash flow and total 
investment the economic analysis has been carried out and 
four different profitability criteria have been used: payback 
period (PB), net present value (NPV), internal rate of return 
(IRR), and the debt service coverage ratio (DSCR).  

4. RESULTS: DATABASE FOR THE TOOLBOX 
IMPLEMENTATION 

The implementation of the CE-HEAT project’s online 
decision support tool, aimed at helping final users in the 
decision-making process through a conscious comparison 
between different waste heat recovery options, based on 
the information contained in the atlas developed by APE 
FVG, represents the final goal of this work. The 
development of a database of the input and output of the 
multi-objective optimization model provided by this 
research represents one of the project’s preliminary 
activities.   

Table 1 Range and step of variation of the considered 
decision variables 

Variable Unit Range Step 
Heat exchanger 

power (kW) 20-10,000 100 

Heat pump power (kW) 30-1,200 30 
Absorption chiller 

power (kW) 100-4,000 100 

District heating (kW) 100-20,000 1000 
ORC power (kW) 500-4,000 200 

Temperature (ABS, 
ORC, HE, District) (˙C) 200-700 100 

Temperature (Heat 
pump HP) (˙C) 20-60 5 

Temperature (Match) (˙C) 400-700 100 
Grant (%) 0-50 10 
TEE (€/TEE) 100-400 100 

Electricity cost (€/kWh) 0.025-0.2 0.025 
Thermal energy cost (€/kWh) 0.03-0.12 0.01 

District heating (km) 0.5-10 2 
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In Table 1 the range and step of variation of the decision 
variables selected for the realization of the database are 
reported. The calculation performed through the 
developed mathematical model allowed the production of 
a database in a proper format in order to make it suitable 
for the online waste heat recovery evaluation tool 
implementation. Every considered scenario lead to a single 
spreadsheet file. A potential investor can first check the 
waste heat cadastre for interesting waste heat sources. It is 
true that sources with high power, high temperature and 
continuous emission profile guarantee higher recovery 
opportunity, but sources physically located nearby energy 
demand could be preferred as the reuse of energy is easier. 
After choosing the source, the investor can access data 
concerning the waste heat available in the cadastre. It is also 
possible to measure distances between the source and a 
potential energy demand. These data should be then used 
in the Decision Support System to assess different 
opportunities under an economic and technical point of 

view, as described in the previous paragraph. Policy makers 
can make use of the DSS jointly with the waste heat 
cadastre to find waste heat sources available in their 
territories and assess the energy wasted in that area. Policy 
makers need to embed energy recovery planning in policy 
strategies to meet environmental goals. Recoverable waste 
heat sources, should be selected within the waste heat 
cadastre and data used in the DSS. Policy makers, by setting 
different grants and incentives for saved TOE, can define 
which incentive schemes should be developed to make 
waste heat recovery bankable. 

Once the input variables are selected by the online toolbox 
user (see Figure 3), the program will provide the decision 
support suggestions in terms of sustainability performance 
indicators and graphs (see Figure 4). 

Figure 3: Screenshot of the online toolbox user interface 

Figure 4: Comparison between different waste heat recovery options 
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5. CONCLUSION 

In the CE-HEAT project, involving partners belonging to 
Austria, Czech Republic, Croatia, Germany, Italy, Poland 
and Slovenia, an online toolbox has been developed to 
investigate various industrial waste heat recovery options 
based on the exploitation of different technologies. In 
order to aid the decision-making process of investors and 
policy makers when comparing these options through the 
evaluation of technical, economic, environmental and 
energetic performance indicators, a holistic decision 
support system (DSS) has been implemented. 

With the aim of improving the research by investigating 
relevant topics, such as the matching of waste heat 
availability and the energy demand, which are beyond the 
scope of the CE-HEAT project’s online toolbox 
development, it is needed to further increase the level of 
detail of the required input data and to develop a more 
detailed mathematical model, thus adopting an approach 
based on the third hierarchical level of the DSS developed 
in this work. 

NOMENCLATURE  
ABS  Absorption chiller 
DHN  District heating network 
DOE  Design of experiment 
DSS  Decision support system 
DSCR  Debt service coverage ratio 
EAF  Electric arc furnace 
HE  Heat exchanger 
HP  Heat pump 
IRR  Internal rate of return  
NPV  Net present value 
O&M  Operation and maintenance 
ORC Organic rankine cycle  
PB  Payback period 
PES  Primary energy saving 
TEE  White certificate 
TOE  Tonne of oil equivalent 
 
Symbols 
C  Cost 
R  Gas constant 
T  Temperature 
X  Capacity 
α  Scaling exponent 
λ  Equivalent ratio  

Subscripts and superscripts 
a/f  Air-fuel 
y  Generic equipment 
ref  Reference  
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