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ABSTRACT 
This study models a Heat Recovery System (HRS) within a petrochemical plant, assessing its eco-
nomic and environmental viability. The system integrates four combustion processes and a con-
densing steam turbine combined heat and power (ST-CHP) generation unit, along with waste heat 
recovery technologies to reduce the plant’s energy use. The developed system-based approach 
extends a previous methodology, initially focused on reducing energy consumption in production 
processes, to encompass energy supply systems (in which CHP is included) as well. Simulation 
models were developed for two improvement scenarios regarding the integration of the ST-CHP 
into the HRS: preheating either the combustion air stream or the inlet water of the ST-CHP’s boiler. 
The latter demonstrated greater potential for reducing energy-related operational costs, thus an 
NLP optimisation model was developed based on that scenario. Both simulation and optimisation 
models were created resorting to the capabilities of the ThermWatt computational tool (comprising 
Modelica and Python languages). A payback period of about 2 years and 3 months and a reduction 
in equivalent carbon dioxide emissions of 5.14 kt CO2,eq/year were estimated for the final system, 
which are significantly reasonable in comparison to benchmark values. 
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INTRODUCTION 
In light of the ever-increasing emphasis on environ-

mental protection, the European Union (EU) has intro-
duced various policies and strategic frameworks aimed 
at fostering sustainable development across all member 
states. Central to this effort are the multiannual Environ-
mental Action Programmes (EAPs), which have guided 
the EU’s environmental policy since 1973 [1]. The most 
recent, the 8th EAP, came into effect in May 2022 and 
sets the legally binding framework for the EU’s environ-
mental goals until 2030. Building on the European Green 
Deal, it reiterates the EU’s long-term vision to 2050 of liv-
ing well and within planetary boundaries and outlines six 
priority objectives for 2030, along with measures to 
reach them. Among these objectives is meeting the 2030 
greenhouse gas emissions reduction target, which seeks 
to cut the EU’s emissions by 55% compared to 1990 

levels [2]. Motivated by the substantial effort still re-
quired to meet the proposed targets and guided by the 
principles of the EU Energy System Integration Strategy 
(namely its first pillar, dealing with the promotion of the 
nexus between energy efficiency and circular economy) 
this work addresses the application of waste heat recov-
ery practices aimed at reducing energy consumption of 
industrial plants, while delivering both economic and en-
vironmental benefits, primarily by reducing operational 
costs and lowering pollutant emissions. 

The Heat Recovery Systems (HRSs) conceptualised 
in this work explore principles of waste heat recovery and 
expand a previous methodology (Water and Energy Inte-
gration Systems) [3,4], initially focused on reducing en-
ergy consumption in production processes, to encom-
pass combined heat and power (CHP) generation sys-
tems, which fall under energy supply systems. The appli-
cation of a unified heat recovery approach is based on 
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the structural similarities and shared technologies be-
tween the two types of systems. This work uses the 
ThermWatt computational tool (owned by ISQ – Instituto 
de Soldadura e Qualidade [4]) to simulate and optimise 
an HRS integrated within a petrochemical plant. 

METHODOLOGY AND TOOLS 
The methodological framework associated to this 

work begins with a clear problem definition, setting spe-
cific objectives and understanding the plant’s processes. 
Based on this foundation: 

1. The HRS for the targeted plant is designed, 
making an appropriate choice of heat recovery 
technologies to be installed in the plant and 
designing the superstructure of recirculated 
streams;  

2. The ThermWatt computational tool is used to 
simulate and optimise the proposed HRS 
through a structured process:  

2.1 First, initial simulation models are 
developed to enable a preliminary analysis 
of improvement scenarios;  

2.2 Next, the most promising scenario is 
optimised to maximise total energy-related 
operational cost savings;  

2.3 Finally, the optimisation results are 
integrated back into the simulation model 
to achieve the system’s final model. 

3. The project’s viability is assessed by calculating 
specific economic and environmental indicators, 
which are then compared against industry 
benchmarks for the chemical sector. 

The Heat Recovery Systems are based on the 
steady-state thermal process subsystem of the Water 

and Energy Integration Systems (WEISs) [3,4] and seek 
to contribute with new processes and recirculation points 
to the existing conceptualised superstructure of WEISs. 
The HRS comprises N combustion-based processes 
(CBPs), each receiving fuel and air inputs and producing 
waste heat streams with recirculation potential (such as 
exhaust gas and hot air). A superstructure is designed 
accounting for all recirculation points, directing the men-
tioned heat streams back to the same CBP, to the other 
N – 1 CBPs, or to a thermodynamic cycle (TC) for elec-
tricity generation. Recirculated heat streams routed to a 
CBP merge into a single stream and transfer heat to in-
coming ambient air, either directly by mixing or indirectly 
via a heat exchanger, depending on the stream composi-
tion. For indirect heat recovery, the stream exits to the 
environment after the heat exchange. All the components 
and recirculation points mentioned thus far were already 
part of the WEISs. CHP systems are incorporated into the 
HRSs aiming to extend the scope of the WEISs to include 
the reduction of energy input in energy supply systems. 

CASE STUDY CHARACTERISATION 
The case study approached in this work examines 

the implementation of a Heat Recovery System in a pet-
rochemical plant. The plant is not yet operational, alt-
hough the constituent unit operations have already been 
planned in terms of operational conditions and overall en-
ergy consumption levels. It is set to be located in Sines, 
Portugal and to operate for 7824 hours annually. The pro-
cesses of the plant included in the case study are four 
CBPs and one condensing steam turbine CHP system 
(ST-CHP). Figure 1 displays information provided by the 
plant’s stakeholders on the five processes. Currently, 
there is an interest of the plant’s stakeholders on reduc-
ing consumption levels of natural gas and LPG, as well as 
on decreasing the use of hydrogen fuel in the ST-CHP 

 
Figure 1: Information provided by the plant’s stakeholders on the four CBPs (a) and the ST-CHP system (b). 

Natural gas

Ambient air

569 kg/h, 40 ºC

38 ºC

Exhaust gases
11200 kg/h

320 ºC

Combustion-based 
Process 1

Natural gas

Ambient air

876 kg/h, 40 ºC

38 ºC

Exhaust gases
17200 kg/h

434 ºC

Combustion-based 
Process 2

LPG 
(~100% butane)

Ambient air

37 kg/h, 40 ºC

38 ºC

Exhaust gases
4949.57 kg/h

250 ºC

Combustion-based 
Process 3

LPG 
(~100% butane)

Ambient air

596 kg/h, 40 ºC

38 ºC

Exhaust gases
12611.25 kg/h

382 ºC

Combustion-based 
Process 4

 
 

28.97 ºC
0.04 bar

Centrifugal pump
Nominal power: 18.5 kW
Motor efficiency: 89.3%

Condenser

Steam turbine
Nominal power: 198.78 kW
Mechanical efficiency: 42%

28.97 ºC
0.04 bar

560 ºC
236 bar

Steam boiler
Total efficiency: 96%

Working fluid: Water
Flow rate: 2.047 t/h

Hydrogen fuel

57.6 kg/h, 38 ºC

Exhaust gases

Heat

(a) (b)



 

Sousa et al. / LAPSE:2025.0171 Syst Control Trans 4:129-134 (2025) 131  

 
Figure 2: Representation of the Heat Recovery System designed for the case study. 
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system with the goal of reallocating the non-used hydro-
gen for other applications. The conceptualised HRS su-
perstructure considering the planned energy-using units 
of the plant is illustrated in Figure 2.  

Additional remarks for the implementation of the 
HRS include the assumption of 95 ºC as the minimum al-
lowed temperature for the exhaust gas streams, ensuring 
these remain above the dew point. Furthermore, the air-
fuel mass ratio was assumed constant. A reasonable 
maximum combustion air temperature of 300 ºC has 
been defined.  

SIMULATION 
Two approaches have been exploited regarding the 

integration of the ST-CHP unit into the HRS, leading to 
two improvement scenarios:  

 Scenario 1 involves installing an air preheater to 
preheat the steam boiler’s combustion air to a 
maximum of 300 ºC, following the same approach 
applied to the CBPs;  

 Scenario 2 proposes installing an economiser to 
preheat the steam boiler’s pressurised feedwater 
to a maximum of 373.94 ºC, which corresponds to 
the critical temperature of water (the water in the 
steam boiler transitions directly to a supercritical 
state).  

In this prospect, two simulation models were devel-
oped, one for each scenario, in order to assess which 
presents the greatest potential for reducing energy-re-
lated operational costs. The ORC model incorporated into 
the simulation models was adapted from one developed 
in prior work for implementing a WEIS in an industrial 
plant [4]. Table 1 presents key simulation results, show-
ing that a basis for comparing both scenarios was suc-
cessfully established, as the results between them differ 
only in terms of hydrogen consumption.  

Table 1: Comparison of fuel costs and ORC-generated 
electricity savings (thus negative values) between the 
base case and both improvement scenarios, in M€/year. 

Energy vector Base Scenario  Scenario  
Natural gas    
LPG    
Hydrogen    
Electricity – - - 
Total    

Although the combustion air and inlet water of the 
steam boiler experienced similar temperature increases 
(an outlet temperature of 300 ºC was specified for both), 
the economiser in scenario 2 achieved a heat recovery 
rate of 2.418 GJ/h, which is 4.22 times higher than that 

of the boiler’s air preheater in scenario 1. Consequently, 
scenario 2 resulted in significantly greater hydrogen sav-
ings. This difference is due to water's higher heat capac-
ity compared to air. Furthermore, the heat recovery rate 
achieved by the boiler’s air preheater of scenario 1 corre-
sponds to its maximum value, as the combustion air tem-
perature cannot exceed 300 ºC, while the economiser’s 
recovery rate can be even higher, with the boiler feed-
water capable of being preheated an additional 73.94 ºC. 
Given these aspects, scenario 2 indubitably offers 
greater potential for energy-related operational cost sav-
ings due to its superior capacity for overall energy con-
sumption reduction. As a result, scenario 2 is the only one 
submitted to the optimisation procedure. 

OPTIMISATION  
The system-level optimisation model of the second 

improvement scenario was formulated, for the most part, 
using the same set of parameters, variables and govern-
ing equations of the corresponding simulation model (re-
fer to [5]). A few simplifications were applied, namely not 
calculating the composition of the streams, reducing the 
ST-CHP to the economiser and steam boiler, as well as 
simplifying the ORC system to a net efficiency parameter. 
The two streams recirculating heat between the ST-CHP 
and ORC had to be removed as they created an interde-
pendency that made it impossible formulating the optimi-
sation problem. The objective function was defined as 
the maximisation of energy-related operational cost sav-
ings. The resulting optimisation model is nonlinear, hence 
the use of open-source IPOPT solver.  

A value of 6.07% was attributed to the ORC net effi-
ciency parameter, aligning with the efficiency of the sys-
tem adapted from the literature [4] initially implemented 
into the simulation model. The optimisation results 
showed that maximum heat recovery was achieved, as 
all the exhaust gas streams leaving the HRS had reached 
the minimum allowable temperature of 95 ºC, and that 
reducing fuel consumption was favoured over additional 
electricity generation. A sensitivity analysis, present in 
Figure 3, demonstrated that this preference occurred in-
dependently of the value attributed to the ORC net effi-
ciency, within its feasible range (5-20%). 
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Figure 3: Results of the sensitivity analysis on the ORC 
net efficiency's impact on fuel and electricity savings. 

Consequently, the optimised heat recovery rate of 
the ORC was significantly lower than the original design 
specifications of the simulated ORC system, failing to 
completely vaporise the working fluid, so it had to be 
resized prior to using the OpenModelica Python Package 
for incorporating the optimisation results into the simula-
tion model. This was accomplished by adjusting the 
working fluid mass flow rate and pump outlet pressure via 
a parametric study, while also aiming for a new net effi-
ciency of 12.5%.  

Table 2 indicates that the final HRS reduced total 
energy-related operational costs by 16.9% compared to 
the base case and by an additional 42.3% compared to 
that obtained from the simulation of scenario 2.  

Table 2: Energy consumption (TJ/year), costs (M€/year) 
and emissions (kt CO2,eq/year) resulting from fuel con-
sumption in the final HRS. The ORC-generated electricity 
savings (negative values) are also represented. 

Energy vector Energy Costs Emissions 
Natural gas    
LPG    
Hydrogen   – 
Electricity - - - 
Total –   

The final HRS flowsheet and detailed simulation re-
sults are provided as supplementary material. The opti-
misation resulted in no flow rate assigned to the ORC out-
let purge stream, rerouting the high-temperature exhaust 
gas stream to the four CBPs. A similar outcome was ob-
served for the exhaust gases at the outlet of the ST-CHP 
economiser, though a residual flow rate was still purged. 
The minimisation of purged high-temperature exhaust 
gas illustrates how these two recirculation points (ex-
haust gas stream splitters leaving the ORC and ST-CHP), 
which were absent in the WEISs, enhance the system's 
flexibility. 

VIABILITY ASSESSMENT 
The economic and environmental indicators used to 

assess the final HRS project viability are the payback pe-
riod (𝑃𝑃𝑃𝑃𝑃𝑃) and the absolute reduction in equivalent car-
bon dioxide emissions (𝑅𝑅𝑅𝑅𝑅𝑅.  𝐶𝐶𝐶𝐶2,𝑒𝑒𝑒𝑒), which are calculated 
using Eq. (1) and (2).  

𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑆𝑆𝑆𝑆𝑆𝑆
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

                  (1) 

𝑅𝑅𝑅𝑅𝑅𝑅.  𝐶𝐶𝐶𝐶2,𝑒𝑒𝑒𝑒 = 𝐶𝐶𝐶𝐶2,𝑒𝑒𝑒𝑒
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐶𝐶𝐶𝐶2,𝑒𝑒𝑒𝑒

𝐻𝐻𝐻𝐻𝐻𝐻                       (2) 

The total energy-related operational costs savings 
(𝑆𝑆𝑆𝑆𝑆𝑆) is calculated using Eq. (3), while the equivalent car-
bon dioxide (𝐶𝐶𝐶𝐶2,𝑒𝑒𝑒𝑒) emissions is determined via Eq. (4).  

𝑆𝑆𝑆𝑆𝑆𝑆 = ∑ �𝐸𝐸𝐸𝐸𝑖𝑖𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 − 𝐸𝐸𝐸𝐸𝑖𝑖𝐻𝐻𝐻𝐻𝐻𝐻� ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖                (3) 

𝐶𝐶𝐶𝐶2,𝑒𝑒𝑒𝑒 = ∑ 𝐸𝐸𝐸𝐸𝑖𝑖 ∙ 𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖                                               (4) 

In Eq. (3) and (4), 𝐸𝐸𝐸𝐸𝑖𝑖, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖 and 𝐸𝐸𝐸𝐸𝑖𝑖 represent the 
annual energy consumption, price and emission factor of 
the energy vector 𝑖𝑖 (electricity and fuels). 

The capital expenditure (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) is determined as 
the sum of direct and indirect costs associated with the 
heat recovery technologies added to the base case. First, 
the equipment cost is estimated using correlations found 
in the literature [6,7] and adjusted to the current year us-
ing the CEPCI indexes. Then, the remaining direct and in-
direct expenditures are approximated as percentages of 
the installed equipment cost [8]. 

A payback period of less than 3 years is considered 
reasonable for an investment in waste heat recovery 
technologies within the industrial sector of the European 
Union [9]. Furthermore, a project conducted in a fertiliser 
industry in Norway achieved a reduction of CO2,eq emis-
sions of 12-19 kt/year by increasing energy efficiency 
through the replacement of old electric motors with 
newer and more efficient ones [10]. If the estimated val-
ues are reasonable in comparison with these bench-
marks, then the final HRS project is deemed viable. 

Using the previously outlined procedure, the total 
CAPEX for the four air preheaters, economiser, and ORC 
system was estimated at 5.464 M€. Based on Tables 1 
and 2, the total savings achieved by the final HRS amount 
to 2.484 M€, leading to a payback period of 2.20 years, 
or roughly 2 years and 3 months.  

The final HRS achieved a reduction in CO2,eq emis-
sions of 5.14 kt/year. While it falls short of the benchmark 
interval mentioned earlier, it is important to note that this 
comparison is based on absolute values, which does not 
consider several factors such as the size of the facility 
where the project used as a reference was implemented, 
the extent of the modifications and Norway’s electrical 
energy mix (which influences the emission factor associ-
ated with electricity generation). Nevertheless, the final 
HRS results in a substantial 8.9% reduction in emissions 



 

Sousa et al. / LAPSE:2025.0171 Syst Control Trans 4:129-134 (2025) 134  

compared to the base case.  
Taking into account the comparison between the 

estimated results for both indicators and the reference 
benchmarks, it may be considered that the engineering 
project associated to the conceptualised HRS presents a 
significant economic and environmental viability. 

CONCLUSIONS 
This work represents an initial step in the design 

phase of an industrial project, in which a preliminary tech-
nical, economic and environmental assessment has been 
carried out. By exploring the capabilities of the Therm-
Watt computational tool it was possible to virtually inte-
grate the conceptualised Heat Recovery Systems within 
a real plant and conclude that the final project not only 
enhances energy efficiency but also shows promising 
potential to improve the sustainability and competitive-
ness of the industrial plant in question. The addition of 
two new equipment-level models to the ThermWatt Mod-
elica Library signified the further expansion of its capa-
bilities, highlighting its versatility. Overall, this study 
shows the importance of waste heat recovery in promot-
ing the principles of the circular economy within industrial 
operations by reducing waste and decreasing reliance on 
external energy sources through the reuse of thermal en-
ergy that would otherwise be lost.  

DIGITAL SUPPLEMENTARY MATERIAL 
Digital supplementary material is available at 

https://psecommunity.org/LAPSE:2025.0007, including 
basic information regarding the involved energy vectors 
(lower heating value, prices and emission factors), the 
validation results of the new steam boiler model and the 
flowsheets and detailed simulation results of both im-
provement scenarios and final HRS. 
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