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ABSTRACT 

The industrial sector is a critical element in the sustainability transition as it is currently the largest 

consumer of fossil fuels, and the consumption is forecasted to continue to increase. Approximately 

one-fifth of the total industrial primary energy consumption is wasted due to the lack of proven 

attractive schemes for effective recovery. When addressing the opportunities of industrial waste 

heat recovery (WHR), it is found that the feasibility depends on multiple factors, including the forms 

and capacities of the heat sources, the potential heat sinks, and the effectiveness, technological 

maturity, and economic impact of available technologies. Developing systematic approaches to 

identify optimal WHR options for different applications is key to effectively reduce plant-scale 

energy consumption. In particular, power consumption accounts for more than half of the industrial 

energy use, and its share is expected to grow with the expansion of electrification aspirations. In 

this paper, industrial WHR technologies are investigated, and tools are developed to understand the 

sustainability and techno-economic impact of integrating these technologies within industrial 

processes. We specifically propose a data-driven technology-agnostic approach to evaluate the use 

of heat engines, which can in practice be organic Rankine cycle (ORC) systems, and of thermally-

driven (i.e., absorption) heat pumps in the context of industrial WHR for plant-scale power demand 

reduction. The scope of this work explores three pathways to achieving efficiency improvements 

in bulk chemicals plants, represented by olefins production facilities, which are: (i) direct onsite 

power generation; (ii) enhancement of existing power generation processes; and (iii) reduction in 

power consumption by compressor efficiency improvements through waste-heat-driven cooling. 

The techno-economic performance of these technologies is assessed, with particular attention to 

industrial facilities that reside in hot climates, using fine-tuned technology-agnostic thermodynamic 

and market-based costing models. Finally, decision-aiding performance maps are derived by 

varying the quantity and the quality of waste-heat sources and heat sinks, offering application-

specific guidelines for selecting appropriate waste-heat recovery schemes. These findings reveal 

valuable factors for selecting such integration schemes for various industries and scenarios. 
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INTRODUCTION 

The industrial sector is responsible for nearly half of the global energy demand, primarily 

sourced from fossil-based sources [1]. Within the industrial sector, according to the 

international energy agency (IEA), chemicals and petrochemicals processes are the largest 

consumers of energy and thus are the most emitters of greenhouse gases (GHGs), with a 
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forecasted slight increase in the medium-term outlook [2]. The IEA estimates that 40% of the 

contributions required to achieve the Paris agreement two-degree scenario (2DS) targets are 

energy efficiency measures, which are also necessary for mitigating other environmental and 

social burdens, besides the GHG emissions, such as air pollution and energy security [2,3]. 

Thanks to the advancements in industrial energy efficiency technologies and practices, notable 

improvements have been made to their energy intensity over the last couple of decades. 

However, it is estimated that 17% of the UK industrial energy consumption ends up as waste 

heat that is not utilised. Likewise, it is estimated that one-fifth of the industrial energy consumed 

ends up as waste heat in the US, and that up to 15% of the primary energy consumed in Europe 

could be reduced by exploiting waste heat [4–7]. Moreover, power consumption represented 

around 56% of the EU27 chemical industry's total energy use in 2019, and this is expected to 

increase further as the industry embarks on the electrification transition [8]. 

 

The research of converting low-grade heat into power became a classic theme within which 

several technologies have reached a technology readiness level (TRL) of 9, demonstrating their 

maturity and applicability to commercial operations [9,10]. These include thermoelectric 

generators (TEG) and steam and organic Rankine cycle (ORC) systems. It has been established 

that ORCs can generally outperform the other two technologies from techno-economic and 

operability standpoints when driven by low (less than 150 °C) to medium-temperature (150-

200 °C) heat sources [6, 7, 11–13]. Therefore, the focus of this research theme shifted to the 

ORC configuration, working fluids selection, and part-load optimisation. However, other 

options for the exploitation of industrial WH by indirectly converting it to power have not 

gained the equivalent level of attention compared to the direct conversion of WH to power 

route. This can be achieved by integrating thermally driven heat pumps, i.e. absorption chillers, 

which are further integrated with power-generating or power-consuming processes. 

 

Gas turbines (GTs) are becoming more favoured than coal-fired plants for electricity production 

due to their performance in terms of efficiency, emissions, continuity and flexibility. Therefore, 

GTs adoption is growing and is not expected to peak (in a carbon-neutral world) before the 

middle of the 21st century [14]. However, their performance is known to deteriorate in hot 

climates. In fact, for every increase by one degree in the ambient temperature, a reduction of 

power production occurs by about half to one per cent [15, 17]. As a result, studying the 

integration of several air cooling techniques with GTs has gained increasing attention, 

especially when driven by free WH. For instance, Kwon et al. studied enhancing a GT combined 

cycle system by integrating an exhaust-driven absorption chiller system for air cooling [18]. 

The authors studied two different configurations and reported an estimated increase of power 

generation by approximately 8% and payback periods of lower than three years. However, it 

can be noticed that the vast majority of research found in the literature focussed primarily on 

optimising the configuration of the GTs by capturing the WH generated by the GT system (e.g. 

[19, 20]), while the opportunity to integrate GTs with the wider site utility system WH has not 

been sufficiently addressed. More specifically, an assessment that includes the other 

comparable WHR pathways is found to be a gap in the current work. 

 

Gas compression processes are an essential part of many industrial plants. There are several 

types of compressors, but for the bulk industries where gas flow rates exceed 90 m3/s and with 

required discharge pressures up to 700 bar, centrifugal compressors can be found in nearly 60 

different petrochemicals manufacturing processes, which leads to a substantial contribution to 

their energy consumption [21, 22]. The main drawback of centrifugal compressors is that they 

consume a significant amount of energy. For instance, in air separation units (ASU), three-fifths 

of the overall power consumption is allocated to the compressor shaft power [23]. 
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Consequently, the motivation to improve the compressors’ efficiency has increased, especially 

for large-scale systems. Interstage cooling represents a compelling opportunity to reduce 

compression shaft power requirements cost-effectively. A study on the impact of increasing the 

capacity of the interstage coolers found that a 5% increase could lead to a reduction in shaft 

power consumption by more than 0.6% in a three-stage compressor [23]. However, the 

integration of interstage cooling with process sites’ WHR schemes has not been explicitly 

investigated, which can magnify the potential benefits of WHR due to their large scales of 

capacities. Therefore, this is selected to be the intended scope that we aim to address in this 

paper along with the other opportunities to understand their performance in different scenarios. 

 

Furthermore, this paper intends to utilise an atypical approach to modelling and evaluating 

WHR technologies. This is because the study of the integration of WHR technologies is mainly 

done by developing rigorous models for these technologies. The creation of such models 

involves the specification of many factors, such as the configuration, working fluids, and types 

of pieces of equipment used. However, many of these decisive factors are unknown in concept 

screening purposes, which frequently leads researchers to make a considerable number of 

assumptions that inherently increase the inaccuracies of the results. Therefore, reversible and 

endoreversible thermodynamic models can be advantageous for the early-stage screening of 

such technologies based on their thermodynamic efficiency [6]. 

 

Additionally, as the deployment of these technologies has been on an increasing trajectory, the 

opportunity to improve the accuracy of the performance predictions becomes more evident. 

This is because modelling results can be correlated with the published performance data. The 

application of such empirical correlations has been limited in the literature. An example of such 

analysis was conducted by Gangar et al. [6]. However, the scope of that study involved only 

ORC systems and mechanical vapour-compression heat pumps.  

METHODS 

As a starting step in our investigation, the computational modelling aspects for the techno-

economic performance are discussed for each of the considered technologies, along with a brief 

description of the configurations when integrated with a conventional energy-intensive process 

plant. Second, the derived energy performance and investment costs are utilised as inputs for a 

comparative study for the considered schemes applied to a case study from the bulk chemicals 

industry to address the advantages of such technologies. 

Heat engine modelling 

Heat engines are technologies that convert heat into power, and organic Rankine cycle (ORC) 

systems are considered in this work. Steam Rankine cycle systems are not covered in this work as 

it is well established that the performance becomes unattractive for low-grade heat sources [7]. 

The performance of heat engines can be quantified by the thermal efficiency, defined as the ratio 

of the useful power output to the heat input: 

 

𝜂 =
�̇�

�̇�
 , (1) 

which is bound by an upper theoretical limit achieved with an ideal, reversible Carnot cycle: 

 

𝜂rev = 1 −
𝑇c

𝑇h
 . (2) 
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The Carnot cycle is based on the assumption of the absence of internal and external irreversibilities. 

The first involves viscosity, intermolecular forces and frictions, while the latter accounts for the 

driving forces for heat transfer in the form of temperature losses. Therefore, the Carnot efficiency 

of any heat engine represents the maximum performance of any heat engine at operating with 

similar heat-source and heat-sink temperatures [24, 25]. On the other hand, endoreversible 

estimation of heat engines’ performance was proposed to account for irreversibilities occurring in 

the heat transfer processes from the source to the engine and from the engine to the sink, while 

internal processes are assumed to be fully reversible [26, 27]. Novikov [27] and Chambadal [28] 

proposed the following equation to estimate the endoreversible heat engine’s performance: 

 

𝜂er = 1 − √
𝑇c

𝑇h
 . (3) 

 

Once the endoreversible efficiency is estimated, this value can be fed to a correlation relating it to 

published performance data proposed by Gangar et al. [6]. This correlation was developed after 

extracting the performance data of 34 different ORC systems: 

 𝜂ORC = −0.93(𝜂er)2 + 0.87𝜂er . (4) 

An extended range of published performance data of 64 ORC systems ranging from 1 kW to 

10 MW is collected to improve and simplify this correlation, which is then used in a second step 

to estimate the net generated work by the heat engine after taking into consideration the specific 

information of the heat delivered to the engine: 

 
�̇�net = 𝜂ORC �̇�(ℎh,in − ℎh,out) . (5) 

Absorption chiller modelling 

Absorption chillers are technologies that transform heat into cooling, and their performance can 

be estimated using based on the endoreversible thermodynamics concept described in the heat 

engine modelling section. Novikov [27], Velasco et al. [6, 29] and Chen et al. [30] analysed the 

performance of absorption heat pumps with the aim of delivering an endoreversible estimation 

of their performance, and a relationship was proposed after validation. Blanchard [31] later 

extended this approach to account for the temperature drop across the heat exchangers in the heat 

pumps needed to act as a driving force for heat transfer through an empirical parameter (∆Tk), 

and it was suggested to assign a value of 30 for it based on his review. Subsequently, based on 

the heat source and sinks temperatures, the COP is calculated based on: 

 

𝐶𝑂𝑃er =
�̇�c

�̇�h

= (1 − √
𝑇0

𝑇h
) (

1

1 −
𝑇c

𝑇0 + ∆𝑇k

) . (6) 

A list of 30 chillers ranging from 53 to 530 kW from various manufacturers on the market is 

considered. Similar to the heat engines process, a comparison between reported performance data 

and estimated endoreversible COPs is used to obtain a similar correlation. Based on the specific 

WH data, the performance of the absorption chillers can be calculated. After determining the 

cooling duty generated in the chiller, the amount of produced coolant can be calculated from: 

 
�̇�c = 𝐶𝑂𝑃AbsC �̇�WH (7) 
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Brayton cycle system air intake cooling modelling 

After determining the potential cooling capacity created from WHR through the absorption 

chiller, the cost and benefit of integrating that capacity into GTs will be studied. The performance 

impact resulting from air intake temperature variations is typically estimated using GT 

performance maps developed by the manufacturers, while different GTs react uniquely due to 

their system components and control schemes [32].  

 

The improvement in performance of open-cycle gas turbines at a lower air intake temperature 

is illustrated in Figure 1. Operating at a lower air intake temperature corresponds to a slight 

decrease in heating rate, a reduction in compression shaft power requirements and an increase 

in power generated in the expansion process. As a result, this integration scheme is expected to 

yield an overall energy efficiency improvement, which is quantified by: 

 

𝜂GT =
�̇�GT

�̇�
 . (8) 
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Figure 1. Brayton cycle performance enhancement by air intake cooling on a temperature-

entropy (T-s) diagram. 

 

The process schematic shown in Figure 2 illustrates the proposed configuration. In this process, the 

ambient temperature variation is known to have a linear relationship with both the work produced 

and the heat consumed by the GT system, as represented in the following equations [21, 32]: 

 
�̇�GT = 𝑎 + 𝑏𝑇0 , (9) 

 

�̇� =
Δ𝐻comb

�̇�GT

= 𝑐 + 𝑑𝑇0 , (10) 
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where the constants, a, b, c and d, are parameters dependent on the performance maps of the GT, 

which can be obtained from manufacturers provided correlations, data fitting or rigorous modelling. 

 

 
 

Figure 2. Schematic diagrams of the base-case GT system (left) where ambient air is processed, 

and the proposed scheme (right) where it is integrated with an absorption chiller unit.  

Gas compression improvement modelling 

Gas compression is essential in industrial process systems, which usually comes as a multistage 

process because the single-stage is limited to a flow rate of 1 m3/s and a discharge pressure of 

20 bar [21]. Consequently, interstage cooling is employed to protect the machinery’s integrity 

and improve the overall compression efficiency, as illustrated in curves in Figure 3, which shows 

plots of a two-stages compression process. 

 

 
 

Figure 3. Schematics of a two-stage compression process on enthalpy-entropy (H-s) and 

temperature-entropy (T-s) diagrams. 

 

The thermodynamic process of compression can be estimated polytropically, which links the 

compressor design to the gas properties. It is closer to reality than isentropic compression because 

it accounts for friction. The following equation provides an estimation of the compressor work at 

different suction temperatures [22, 33–38]: 

 

           �̇�comp =
�̇�g

𝑀W
𝑅𝑇g𝑍g

𝑘

𝑘 − 1
[𝑃r

𝑘−1
𝑘 − 1]/𝜂p . (11) 
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The compressibility factor at the different temperatures and pressures can be obtained from the 

proper equations of state. The variation of this value is insignificant to small changes in 

temperature and pressure, as in the case of this particular scope [37]. The polytropic exponent (or 

the polytropic coefficient) (k) is a variable that is dependent on both the ratio of the heat capacities 

(γ) of the compressed gas mixture and the nominal polytropic efficiency (𝜂p) of the compressor, 

which typically ranges between 0.76 and 0.78 for most centrifugal compressors [38, 39]: 

 

𝑘 =
1

1 −
𝛾 − 1
𝛾𝜂p

 . 
(12) 

Economic modelling 

As reviewed by Lemmens, the existing cost models used in evaluating process technologies are 

not accurate [40]. However, it is observed that studying the relative performance of such process 

technologies using a consistent economic evaluation methodology provides valuable 

indications from a comparison standpoint, which is the scope of this paper.  

 

In this paper, the specific investment cost (SIC) is selected to estimate the capital costs 

(CAPEX) of the WHR systems. First, starting with ORC systems, Arvay et al. [41] provided 

the SIC from four different manufacturers ranging from $1,800/kW to $2,860/kW with an 

average of $2,390/ kW. Gangar et al. [6] also performed an economic evaluation for ORC 

systems against other WHR options and used an ISC of nearly $2,600/kW. Moreover, an 

extensive survey conducted by Lemmens revealed that the SICs reported in the literature were 

scattered and wide-ranged [40], which confirmed that the trend of ORC SIC decreases as the 

size increases for the existing ORC units, as shown in Figure 4.  

 

 
 

Figure 4. SICs of large-scale ORC units from the literature [40]. 

Therefore, in this work, two values of SIC are used to illustrate the envelope of ORC economic 

performance, which are $1,800/kW and $4,000/kW. Furthermore, according to the US 

department of energy (DOE), absorption chillers' CAPEX ranges between $750/kW and 
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$1,960/kW of cooling capacity, with an average value of $1,730/kW, after adjustment to the 

2022 USD value [42]. Furthermore, it is estimated that the operations and maintenance costs 

for both ORC systems and absorption chillers are 1% of the CAPEX. Finally, the heat 

exchangers that transfer the cooling capacity are costed using the following equation, which 

could be applied to up to 2,000 m2 exchangers [21]. This cost is updated from the 2010 USD 

value to the 2022 USD using the chemical engineering plant cost index (CEPCI) values shown in 

the assumptions table at the end of this section (Table 5). 

 
𝐶𝐴𝑃𝐸𝑋cooler = 28000 + 54 (�̇�cooler)1.2

 (13) 

Case study selection and definition 

The case study addresses a scenario of a process site with an olefins plant and a utility system that 

provides the plant with heat, cooling, and power. The evaluation starts by using WH data of olefins 

plants quantified in the literature. Then, an illustration of a GT system within the sites utility, which 

satisfies the plant with power requirement, is selected to evaluate GT performance enhancement 

by integrating a WH-driven absorption chiller system, as shown in Figure 2. After that, WH-driven 

absorption system integrated with the olefins cracked gas compression (CGC) system is also 

evaluated as part of this comparative study, as shown in Figure 5. Finally, these two pathways are 

compared with power generated by the direct conversion of WH through ORC systems.  

 

  
 

Figure 5. Schematic diagrams of the base case CGC system (top) where the cracked gas (CG) 

temperatures are maintained around ambient temperatures, and the proposed case (bottom) where 

the CG temperature drops below ambient levels depending on the absorption chiller unit capacity. 

 

Waste heat data found in the literature is used to assess the alternative WHR pathways discussed 

in the previous sections. Moreover, data on an industrial gas turbine and industrial multistage 

compression system is obtained from the literature to conduct the proposed comparative study. 
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Marina et al. [43] conducted an extensive review on the European industrial waste heat, and the 

data for ethylene plants is extracted and summarised in Table 1.  

Regarding the selected GTs, a 26 MW and a 125 MW GE model PG5371 (PA) are chosen for 

this case study to understand the impact of their capacities on the feasibility, as GTs sizes vary 

depending on the site requirements. Their performance correlations are summarised in Table 2 

below, while the system configuration that is studied in this work is illustrated in Figure 2.  

Table 1. Base case WH data [43]. 

Case study parameters Value Units 

WH stream Condensate (water) NA 

WH T 124-114 °C 

WH outlet T 60 °C 

WH ṁ 140 kg/s 

WH    1-10 MW 

 

Table 2. GT performance coefficiencts [32, 44, 45]. 

GT system parameters 26 MW 125 MW  

a 29.04 109.4 MW/°C 

b -0.19 -0.62 MW/°C 

heat rate (c) 3.41 98.7 dimensionless 

heat rate (d) 0.01 0.13 1/°C 

Air Cp 1 1 kJ/kg K 

Air inlet T 35 35 °C 

U 0.25 0.25 kW/m2/K 

 

Olefins production by cracking is ranked as the largest energy-consuming process within the 

petrochemical sector [46, 47]. The cracked gas compression (CGC) system is estimated to 

contribute to the specific energy consumption of olefins plants by 15 to 22%, second only to 

the thermal energy used for cracking [48, 49]. Most of the interstage coolers yield gas streams 

that are at a near-ambient temperature, and such ambient conditions may lead to increased 

power requirements in regions of hot climates. Therefore, this particular multistage stage 

compressor system is selected for this case study to represent the compressor power 

consumption enhancement by WHR opportunities.  

The CGC process stream data is shown in Table 3, which is taken from the work of Al-douri et al. 

[38] and  Sharifzadeh et al. [50]. The typical nameplate capacity of olefins plants is around 0.5-1.3 

million tonnes per year [48]. Therefore, a scenario representing this range of capacities is considered 

to address the performance of the different WHR schemes using the abovementioned methods. 

The physical properties of this hydrocarbon mixture can be estimated using the Soave-Redlich-

Kwong (SKR) equation of state [51, 52]. Consequently, the data required to compute the 

amount of shaft power at different gas temperatures are obtained and summarised in Table 4. 

 

Table 3. Composition of the cracked gas compressor stream [38, 53]. 

Gas composition Mass flow rate (ton/year) Mass fraction (%) Mole fraction (%) 
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Hydrogen (H2) 73,400 5.1 42.0 

Methane (CH4) 124,400 8.7 9.0 

Acetylene (C2H2) 15,900 1.1 0.7 

Ethylene (C2H4) 969,300 67.9 40.0 

Ethane (C2H6) 177,900 12.5 6.8 

Propylene (C3H6) 15,900 1.1 0.4 

Vinylacytelene (C4H4) 4,400 0.3 0.1 

Butadiene (C4H6) 21,700 1.5 0.5 

Cyclopentadiene (C5H6) 7,300 0.5 0.1 

Benzene (C6H6) 17,300 1.2 0.3 

Hydrogen sulphide (H2S) 1,500 0.1 0.1 

Total 1,429,000 100 100 

 

Table 4. Base case cracked gas compression system parameters. 

Case study parameter Value Units 

Number of compression stages 4 - 

Compressed gases flow rate (�̇�𝐠𝐚𝐬) 1,429,000 tons/year 

Gases average molecular weight (MW) 16.52 kg/kmol 

Pressure ratio (Pr) 2.2 - 

Heat capacity ratio (γ) 1.29 - 

Nominal compressor polytropic efficiency (𝜼𝐩) 0.78 - 

 

Finally, the assumptions related to the process systems, ambient conditions, and the economic 

data are summarised in Table 5. The analysis is performed under the steady-state assumption. 

Also, the heat exchangers used in the considered processes are assumed to be of a counter-

current shell-and-tube type with no allowance for cross over heat transfer.  

Table 5. Economic and system-level parameters. 

Economic assumptions Process system assumptions 

Plant lifetime 20 years ΔTmin 5 °C 

Operational hours 8000 Hours/year Heat sink T 35 °C 

CW cost 6 $/kW/year Evaporator outlet T 12 °C 

Ce 0.10 $/kWh Max. CW return T 45 °C 

CEPCI 2010 533 -    

CEPCI 2022 701 -    

RESULTS AND DISCUSSION 

Linear fit correlations for ORC systems and absorption chillers data, shown in Figure 6, are 

produced based on the conducted survey. For ORC systems, the correlation between the 

reported efficiencies and their endoreversible efficiencies in Equation 14 has a coefficient of 

determination (R2) value of 0.93, a standard deviation of 0.015, and an average deviation of 

0.027. Similarly, a correlation between the absorption chiller units and their respective 

endoreversible COPs is formed by tuning the empirical parameter ∆Tk, which was found to be 
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27, yielding a linear relationship as illustrated in Equation 15, with an R2 value of 0.98, a 

standard deviation of 0.0657 and an average deviation of 0.0854. 

 

As a result, the following simplified correlations are proposed for ORC systems and absorption 

chillers, respectively: 

 𝜂ORC = 0.8𝜂er , (14) 

 𝐶𝑂𝑃AbsC = 𝐶𝑂𝑃er . (15) 

 

 
 

Figure 6. Correlation line fit, prediction and confidence boundaries for the conducted analysis, 

where the left graph illustrates the reported thermal efficiency of ORC 64 modules versus the 

estimated endoreversible thermal. The right ones show the same relationship for 24 absorption 

chiller module COPs. 

 

Using the above relationships, the techno-economic performance of these two technologies for a 

given WH and heat sink conditions is estimated using the WH data shown in Table 1. To compare 

the difference between the potential of each of the considered integration schemes, the 

estimated power gain is illustrated in Figure 7. It can be seen that the enhancement of CGC 

power consumption through the integration with absorption chillers results in the highest 

amount of absolute power that can be saved, followed by the scheme of cooling the air intake 

system of the 125 MW GT. It can also be seen that the amount of absolute power gained from 

the ORC and air intake cooling of a 26 MW GT are relatively close. These findings align with 

previous studies that considered these technologies individually, addressed in the earlier 

sections. For instance, GTs enhancement results in additional power capacities up to 11% 

depending on the cooling capacities employed to cool the air intake. Also, it can be seen that a 

difference of 30 °C in the WH stream's temperature does not significantly impact the results. 

Also, it can be noted that there is a maximum amount of energy that can be recovered at each 

integration scheme that involves absorption chillers (GT power generation enhancement and 

CGC power consumption reduction routes). This is justified by the fact that there is always a 

limit to which the GT air intake and the process gas can be cooled, which is constituted by the 

cooling medium and the minimum approach temperatures. 
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Figure 7. Estimated power gain from the considered WHR technologies at different 

temperatures and duties of the considered WH source. 

 

After determining the potential of the WHR routes from power gain perspectives, the SICs can 

be estimated for the range of WH conditions reported in Table 1 for olefins plants. It can be 

seen from Figure 8 that the enhancement of a typical CGC system has a smaller range of SIC 

due to the substantial amount of power that can be gained through such an integration scheme. 

In addition, the GT size is found to have a profound impact on the estimated SIC, where a size 

of around 26 MW is expected to be the least costly (per kW) compared to the other options. On 

the other hand, GTs of more than 100 MW capacities are estimated to be more competitive and 

have the potential to outperform ORC systems from a SIC standpoint. 

 

 
 

Figure 8. SICs of the considered options for WHR into power from a typical olefins plant. 

 

If we turn now to assess the benefits side of the economic evaluation, Table 6 and Table 7 

illustrate the range of the anticipated payback period for the four considered cases. The CGC 

integration scheme seems to outperform the other routes, while GT can compete when its size 

increases. It also can be seen that the changes to the WH conditions do not pose any notable 

impact on the payback periods. Furthermore, since this is a comparative study, if externalities 

assumptions, like electricity pricing, vary, the overall performance maps developed in this study 
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are unlikely to change. However, such changes are expected to make the considered options 

more or less attractive depending on the changes to these assumptions.  

Table 6. Estimated simple PBP (in years) of the four schemes when driven by a 90 °C WH stream. 

WH duty 

(MW) 

ORC 26 MW GT 125 MW GT CGC 

max. min. max. min. max. min. max. min. 

1 5.3 2.3 13.7 5.2 3.8 1.5 0.2 0.1 

5 5.3 2.3 13.5 4.9 3.7 1.4 0.6 0.2 

10 5.3 2.3 13.5 4.9 3.7 1.4 0.9 0.4 

15 5.3 2.3 13.5 4.9 3.7 1.4 0.9 0.4 

20 5.3 2.3 13.5 5.0 3.7 1.5 0.9 0.4 

 

Table 7. Estimated simple PBP (in years) of the four schemes when driven by a 125 °C WH stream. 

WH duty 

(MW) 

ORC 26 MW GT 125 MW GT CGC 

max. min. max. min. max. min. max. min. 

1 5.3 2.3 13.6 5.0 3.8 1.5 0.2 0.1 

5 5.3 2.3 13.5 4.9 3.7 1.4 0.7 0.3 

10 5.3 2.3 13.5 4.9 3.7 1.4 0.9 0.4 

15 5.3 2.3 13.5 5.0 3.7 1.4 0.9 0.4 

20 5.3 2.3 13.5 5.0 3.7 1.4 0.9 0.4 

CONCLUSIONS 

Waste heat recovery is an appealing area for industries to maximise the conservation of energy 

resources, which serves these industries by increasing their resilience to environmental 

sustainability constraints and the economic impact of volatility of energy prices. A portfolio 

approach to improving efficiency and reducing emissions benefits large industries with diverse 

processes. Therefore, this paper demonstrated the evaluation of a portfolio of WHR 

opportunities based on a data-driven technology-agnostic approach. This approach eliminated 

the need to make detailed design decisions, such as specifying the working fluids and the 

configuration of these technologies, at the stage of technology screening. Hence, it is expected 

to accelerate understanding of the potential of available opportunities. Moreover, the method 

was applied to a bulk chemicals plant as a case study to assess a portfolio of options to convert 

WH into power gained by reducing the consumption or increasing the production of existing 

assets. Modelling techniques have been discussed, and statistical, and energy analysis methods 

have been used to assess and estimate the selected technologies techno-economic performance.  

 

In this study, the economic performance predictions showed that the SICs of the small-scale 

and large-scale GT performance enhancement range from 4000 to 9500 $/kW gained and from 

1000 to 3000 $/kW gained, respectively. Also, the predicted SICs of enhancing a typical CGC 

system range from 100 to 700 $/kW gained. These were compared to the ORC SICs obtained 

from literature data which ranged from 2000 to 4000 $/kW gained. Moreover, it was found that 

the uncertainties in the CAPEX of WHR technologies translated into a minimal effect on the 

overall performance assessment using indicators such as a simple payback period. This can be 

owed to the large scales of power gains in some opportunities. Consequently, it can be deduced 

that the focus when evaluating WHR in large industries should be on externalities such as fuel 

and electricity prices. 
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Also, the chosen case study yielded performance maps of the opportunities evaluated, 

indicating that industrial WHR can be significantly advantaged by the large sizes of the systems 

in many process plants. The study identified that integrating WH-driven absorption chillers 

with a large-scale multistage compression system (e.g. the CGC) will pay back approximately 

three times faster than the stand-alone WH-driven ORC. In contrast, stand-alone ORC was 

found to pay back about three times faster than enhancing a relatively smaller GT that is 

integrated with WH-driven absorption chillers. Consequently, integration schemes involving 

larger systems was found to typically outperform the direct routes of WHR, i.e. a stand-alone 

WH-driven ORC, in energy-intensive industries. Additionally, it can be concluded that if the 

existing GT system is less than 100 MW, and the interstage cooling of the compression system 

cannot be further maximised, direct WHR into power through ORCs still represents an 

attractive option with payback periods between 2 to 5 years for the considered power tariff. 

 

Finally, a natural progression of this work would be to compare the results of the data-driven 

technology-agnostic approach with the detailed modelling approach to understand the limitation 

of such an approach compared to traditional first-law modelling approaches. This includes a 

potential comparison between the used costing models with comprehensive individual component 

costing models. Furthermore, it is suggested to add performance indicators such as emissions 

abatement costs to evaluate the options holistically.  
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NOMENCLATURE 

Abbreviations 
AF annualisation factor min minimum 

CAPEX capital expenditure ORC organic Rankine cycle 

CGC cracked gas compressor PBP payback period 

COP coefficient of performance SIC specific investment cost 

GT gas turbine WH waste heat 

max maximum WHR waste heat recovery 

Symbols 
Ce electricity tariff [$/kWh] Pr pressure ratio [-] 

cp specific heat capacity at constant pressure [J/kg/K]    heat flow rate [W] 

cv specific heat capacity at constant volume [J/kg/K] R ideal gas constant [J/K/mol] 

h specific enthalpy [J/kg] s specific entropy [J/kg] 

k polytropic coefficient or polytropic exponent [-] T temperature [°C, K] 

�̇� mass flow rate [kg/s] U overall heat transfer 

coefficient [W/m2/K] 

MW molecular weight [kg/mol] �̇� power [W] 

𝜂 efficiency [-] Z compressibility factor [-] 

P pressure [bar, Pa] γ the ratio between cp and cv 
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Subscripts/superscripts 
atm atmospheric h heat source 

c heat sink k 
driving force temperature 

difference 

comp compression p polytropic 

cw cooling water rev reversible 

dis discharge net net 

er endoreversible 0 ambient conditions 

exp expansion “ after cooling state 

g gas ∆ difference 
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