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Abstract.

In the cement industry, where energy efficiency and CO, reduction are crucial, Waste Heat Recovery
(WHR) systems play a vital role. This study examines WHR systems' optimisation, evaluating three power
cycle variants: simple ORC, RORC and TLC. Decision-making was guided by the Analytical Hierarchical
Process (AHP), a multicriteria methodology that provides a systematic framework for evaluating multiple
alternatives under different criteria. This study considered four criteria: the net present value, the investment
cost, the CO, emissions avoided and the net work produced. The relevance of each criterion was varied
according to five scenarios, and the AHP methodology allowed a flexible weighting of these criteria based
on their importance. Overall, the RORC outperformed the other alternatives regarding power generation,
emission reductions, and net present value. However, the results depended on the operating conditions and
the selected working fluid. The optimal choice varies depending on the priorities of the plant. For example,
if minimising investment cost is prioritised, simple ORC might be preferred. This study highlights the
importance of multicriteria evaluation and the use of decision-making tools such as the AHP to select the
best alternative based on the specific needs of each plant. In this way, it provides valuable guidance for the
implementation of WHR systems, underscoring the importance of considering the specific circumstances
of the plant and the operating environment when selecting a waste heat recovery technology.

Keywords: Multicriteria Decision Making (MADM), Analytical Hierarchy Process (AHP), Waste Heat
Recovering, cement industry.

1. Introduction.

Carbon dioxide and global warming have forced the scientific and industrial community to develop more
efficient and environmentally friendly transformation, transference, and heat-sourced energy appliances
[1]. However, conventional processes, like fossil fuel combustion, generate carbon dioxide and other
gaseous emissions, contributing to climate change. Therefore, one of the main requirements of any new
system should be a net decrease in carbon dioxide emissions compared to existing ones to help decrease
global warming [2]. Given the above, governments are proposing international policies to achieve rational
and efficient energy usage. For example, the European Council is looking for a 40% reduction in greenhouse



emissions (GHGs) by 2030. Also, it expects at least a 32% increase in renewable energy sources'
participation in the energy market [3], [4].

Waste heat is classified as high, medium, and low based on [5]-[7]. The heat source is regularly present in
gaseous emissions from engines or industrial processes [8]. Therefore, any stream leaving the system above
environmental temperature or pressure could be considered a residual heat stream [9]. In order to improve
primary energy resource consumption and reduce carbon dioxide emissions, one of the more studied options
is to increase the thermal efficiency of intensive-energy processes by using this waste energy in a secondary
process. Some options include Waste Heat Recovery (WHR) using heat pipes[10][11], heat pumps[12],
heat storage [13], [14] and power cycles as an alternative to improve energy conversion. The most known
used cycle is the Organic Rankine Cycle (ORC). ORC is a technology that harvests residual heat from
industrial processes and produces electric power. This solution can be used when the waste heat is in the
temperature range between 150°C to 300°C [15][16]. An ORC can use an organic working fluid with a
lower boiling point than water, operating at temperatures between 70 to 300 °C. This is the ideal range of
temperature to recover waste heat, as previously described, to generate electric power.

The working fluid selection for an ORC is crucial because the cycle performance depends on the
relationship between the heat source and the organic solvent used. This relationship mainly depends on the
temperature range of the residual heat source [17]. Therefore, the working fluid should be environmentally
friendly and thermally stable at high temperatures. Then, fluids like siloxanes, alkanes, and aromatics, are
preferable for ORC because of their excellent thermophysical and environmental behaviour. In addition,
they get better system performance in some high-temperature applications because these compounds can
reach higher working temperatures than other solvents [18][19]. Several studies have been conducted to
improve ORC performance using theoretical analyses [17],[20],[21],[22]. Some of them include
supercritical pressures (ORC transcritical) [23], several evaporation stages [24], or a double expansion stage
[25]. In addition, other ORC studies are focused on analysing the effect of intermediate recuperators
[21],[26], vapour fraction extraction to preheat the working fluid (regenerative ORC) [27], two-phase
expansion from the saturated liquid zone, called Trilateral Flash Cycle (TFC) [28]-[29], coupling ORC in
cascade configuration [28]-[29] or zeotropic mixes used as the working fluid [30]. These alternatives are
used to improve the performance of these kinds of cycles.

1.1.Organic Rankine Cycle.

ORC is a mature technology to recover waste heat between 150 - 300 °C [15]. This range of temperatures
is typically found in several processes' emission streams. For example, emissions from Heavy-Duty Diesel
(HDD)engines at 330-509 °C [31] or 317- 572 °C [32] have been studied before. In both cases, the gases
coming from the HDD are coupled to an ORC to recover waste heat. In the research by Zhao et al., three
different ORC setups are investigated: a simple ORC, a regenerative ORC and an ORC with an intermediate
heat exchanger (RORC). The intermediate heat exchanger helps to improve the thermodynamic efficiency
of the cycle. In addition, this component recovers part of the energy still available in the working fluid at
the exit of the turbine outlet, which was going to be withdrawn in the condenser to reheat the fluid at the
pump outlet. The RORC using IHE showed about 0.4 - 5 % and 2.53 — 8.78 % above net power compared
to a regenerative ORC and a simple ORC, respectively [33].



Laouid et al. [34] studied the ORC architecture using two heat sources at different temperatures (573—773
K and 353-393 K) to increase the system performance. The ORC configurations were Two-Stage in-series
(STORC) and Two-Stage in-parallel (PTORC). They were compared with an ORC with preheating a single
stage in subcritical conditions. The STORC presented a higher thermodynamic performance in the
researched range of temperatures. In addition, it showed a power increase of 8.3% compared with the
preheated ORC. Also, it had a heat exchanger size reduction of 27.9%. On the other hand, the PTORC
showed a negative performance compared with the preheated ORC, with a power reduction of 0.3%.

1.2. Trilateral Cycle.

The Trilateral Cycle (TLC) technology requires much development and is not widely known. However,
this cycle has become attractive in the last few years because it provides a better coupling in the evaporator
temperature profiles than conventional heat recovery cycles. In this cycle, the working fluid at the inlet of
the expander is in the saturated liquid phase, which implies an expansion in two phases. Therefore, the TLC
is as simple as an ORC because the process components are equal. The only difference is the expander,
which must be a positive displacement device, like a screw expander, because of the two-phase expansion
[35]. Therefore, this cycle is like a modified ORC, where the organic fluid is heated to saturated liquid.
Nevertheless, instead of expanding from saturated or superheated vapour, as in a conventional expansion,
the expansion begins as a saturated liquid, generating two phases [36]. Some comparative studies concluded
that TLC generates 50% more power than the conventional ORC working in the same conditions with a
heat source of 100 °C. Moreover, TLC can generate power using a heat source under 80 °C; at this
temperature level, ORC is not economically viable [29].

This cycle presents a higher pumping demand and larger heat exchangers than traditional ORC, increasing
initial capital and operational cost. However, this can be compensated by the higher net power obtained
[37]. The main disadvantage of TLC is the complex expander required to manage the additional two-phase
flow. This restricts the inclusion of a turbo-expander because of the damage the liquid drops generate in the
rotor blades [38]. To avoid those drawbacks, a two-screw expander can be used; this type of expander
consists of helicoidal rotors with a 50 pm clearance. Also, it has medium friction, leakage losses and
medium noise compared to a conventional ORC expander. Also, this expander is the technology that can
manage high working flows. Additionally, since it operates at high rotational speeds, it does not negatively
affect its efficiency. Because of these factors, it is appropriate for use in TLC [39].



1.3. Analytic Hierarchy Process

The Analytic Hierarchy Process (AHP) minimises common drawbacks of the decision-making process, like
lack of focus, planning, contribution or property, which with time, are expensive interruptions that hinder
the process of arriving at the right choice. AHP is one of the most used methods for multiple-parameter
decision-making. This one can evaluate different alternatives. Generally, AHP is a non-linear framework
for conducting deductive and inductive thinking without using syllogism. This is possible because several
factors can be simultaneously considered, setting them in a hierarchy that allows dependence and making
numerical compensation to arrive at a synthesis or conclusion [40] [41]. The AHP is based on the theory of
relative measurement that can be used to solve complex multiple-criteria decision-making problems. AHP
proposes a methodology handy for this effect because it is based on the principle that the shareholders'
experience and knowledge are as necessary as the data used by the process. In other words, it provides a
procedure to obtain a prioritisation and ponderation scale based on the judgement of the decision makers
[42]. AHP's objective is to plan a complex problem in a hierarchical structure. Then, the decision
alternatives are found at the bottom of the hierarchy, while the goal is at the top [43].

The application of this method requires four fundamental steps, as shown in Table 1. First, a complex
problem must be separated into a hierarchy; each level has some controllable elements, and each element
is divided into another set of features. The hierarchical structure is shown in Figure 1 for the case of this
work. However, there is no single overall hierarchical structure, and flexibility is one of the main
characteristics that AHP provides to decision-makers [44]. In the annexes section, the algorithms and the
pseudocode used to evaluate the criteria, the creation of the analysis scenarios and the multicriteria decision
have been detailed.

Table 1: Path for AHP application [43].

Step Application of AHP.
1 Construction of the hierarchical structure (define problem, objectives and criteria)
2 Comparison matrix construction
3 Synthesis of the comparison matrix and consistency check

4 Collection of individual priorities and selection of alternatives.
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Figure 1: Hierarchical structure of AHP intake for this study.

Then, the priority of the elements within each layer of the hierarchy is established, and a measurement
methodology is applied that evaluates each set of parts in the form of pairs. Therefore, the framework for
data collection and AHP analysis is achieved. Finally, t pairwise comparison uses a nine-point scale called
the Saaty scale [41], shown in Table 2.

Table 2: Saaty fundamental scale for comparative judgments [45].

Intensity of importance on the Saaty scale Definition

Equal importance

Moderate importance

Strong importance

Very strong importance

Extreme importance

N | O || | W =

,4,5,6,8 Intermediate values between the two adjacent judgments

If activity i is assigned one of the above non-zero numbers
Reciprocal compared to activity j, then j has the reciprocal value
compared to i

In the annexes section, the algorithms and the pseudocode used in this work to evaluate the criteria, the
creation of the analysis scenarios and the multicriteria decision have been detailed. The one proposed by
Alade et al. in [46] was used.

1.3.1. Analytical Hierarchy Process in the selection of Rankine Organic Cycles.

The Analytic Hierarchy Process (AHP) is a valuable tool for selecting residual heat recovery systems, as it
allows for considering different criteria simultancously and establishes a hierarchy of importance among



them. One of the main benefits of AHP is that it allows for the consideration of both quantitative and
qualitative criteria [47]. For example, criteria such as generated power and investment cost can be
considered alongside qualitative criteria such as component availability and ease of maintenance. In [48],
the authors focus their research on using multi-objective optimisation techniques to select working fluids
and design subcritical ORC systems in the geothermal field that optimise energy efficiency, economic
performance and environmental impact. This work includes factors such as the cost of the working fluids,
the efficiency of the cycle, the environmental impact, and the availability of the fluids. They use the AHP
methodology to find solutions that simultaneously satisfy these objectives. This implies finding a fluid with
a high cycle performance, a low environmental impact and a reasonable cost.

In [49], the authors present an AHP methodology to evaluate and compare different ORC component
options (working fluid, turbine, generator and condenser) based on various criteria such as energy
efficiency, investment cost and environmental impact. The authors also use the "Technique for Order
Preference by Similarity to Ideal Solution" (TOPSIS) to rank the component options based on the AHP
results. The study results show that the AHP-TOPSIS approach is a valuable tool for selecting components
of an Organic Rankine Cycle, as it considers multiple criteria and allows for the integration of subjective
factors. The authors note that this methodology could be applied to other power generation systems and
equipment selection problems.

Similarly, the authors in [50] present an approach to evaluate subcritical Organic Rankine Cycle systems
that use low GWP (Global Warming Potential) fluids through an analysis that combines energy, exergetic,
economic, and environmental variables. It uses the Analytic Hierarchy Process to establish a hierarchy of
evaluation criteria, which includes efficiency, cost, safety and environmental impact. The authors found
that R1234ze was the best working fluid regarding performance, safety, and cost. However, R1233zd has
the lowest environmental impact in terms of GWP.

This work continues a preliminary study that evaluated a residual heat source of combustion gases from a
rotary kiln for a cement plant with a capacity of 5000 tonnes per day [21][22]. These gases come out at an
average temperature of 327 °C and are loaded with particulate material that must be eliminated before being
discharged into the environment. This material is removed in a baghouse operating at 180°C to prevent
thermal deterioration. Therefore, water injection is used to cool the gases in a pre-conditioning tower, where
a loss of useful power in the form of heat of approximately 32 MW is observed.

In the present work, a simulation approach is used to evaluate the performance and waste heat recovery
potential of three variants of power cycles: simple ORC, ORC with an intermediate heat exchanger (RORC)
and trilateral cycle (TLC), using the above-mentioned flue gases from the kiln as a heat source. The exhaust
gas outlet temperature varies between 150 and 180 °C in the simulations. In addition, the temperature
difference at the evaporator pinch point is varied between 10 and 20 °C. Also, seven working fluids are
evaluated for each technology, resulting in 168 configurations or alternatives. Finally, the multicriteria
decision-making methodology called the Hierarchical Analytical Process (AHP) is used to find the option
that best suits the needs of the plant according to four selection criteria: (1) net present value, (2) the total
cost of capital, (3) net power output, and (4) CO, emissions avoided.



Five scenarios were considered: the first assumes the company has limited investment resources. Therefore,
it is decided to prioritise minimising the investment cost over the other criteria. In the second scenario, the
condition in which the company has sufficient availability of money to invest is studied, so the net present
value is prioritised over the other criteria. The third scenario is associated with a situation in which a
company has a high electrical demand, and the only way it can generate energy is through one of these
alternatives. Therefore, the net power output is prioritised over the other criteria in this case. The fourth
scenario includes a company forced to reduce its carbon footprint; therefore, the value in saved emissions
is prioritised. Finally, a last application of the methodology was carried out in a fifth scenario, considering
a hypothetical case in which economic indicators are given importance simultaneously over other factors,
which eventually could be the best-case scenario for the company's interests. This study was developed
with the objective that decision-makers can objectively and well-founded evaluate and select the best
alternative for ORC-type waste heat recovery systems, considering relevant criteria and weighing their
relative importance under any scenario.

2. Materials and Methods.

This section describes the evaluated power cycles (ORC, TLC and RORC), the thermodynamic models
used for each component in terms of exergoeconomic analysis, the selection of the working fluids used for
each power cycle, and the corresponding validations of the models used.

2.1. Organic Rankine cycle and trilateral cycle.

Schematically, the simple ORC and TLC cycles are identical; as shown in Figure 2 (a), these cycles have
four main components: pump, expander, evaporator and condenser. Conversely, the ORC with a recuperator
has an additional heat exchanger located after the turbine to recover part of the heat before the working
fluid reaches the condenser, as shown in Figure 2 (b). However, the main difference is that in the TLC, the
working fluid expands from the saturated liquid state, generating two phases during the expansion process
[36]. Figure 3 shows a T-s diagram for the TLC, simple ORC, and RORC cycles, where the working fluid
follows the process in each power cycle. For all cases, the expansion and pumping processes were
considered isentropic, and the pressure losses in the heat exchangers were not considered. In addition, some
parameters are fixed to carry out the comparison of the cycles:

1. The entry temperature of the heat source will remain constant at 327 °C.
The condenser (COND) operates with cooling water, entering at ambient temperature.
The working fluid outlet temperature from the condenser is held at 60 °C.

All pressure drops in the cycle occur in the expander.

A

The expansion and pumping processes are considered isentropic.
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Figure 2: Simple ORC and TLC configuration (a), ORC configuration with recuperator (b) [51].
(a) (b)

—8— R-ORC

- oRrC
-e- TLC 250

Temperature [°C]
g
Temperature [°C]

0.0 0.5 1.0 15 2.
Specific Entropy [kl/kg-K] -0.5

) o’ 10 15
Specific Entropy [k)/kg-K]

Figure 3: T-s diagrams for ORC and TLC (a) and ORC with intermediate recuperator (b) [51].
2.2. Working fluid selection for ORC and RORC.

Selecting the working fluid must consider the impact of factors such as the possibility of wet expansion and
environmental factors (e.g., ODP (Ozone Depletion Potential)) on the turbine power performance. The ODP
refers to the amount of stratospheric ozone destruction caused by a substance. It is evaluated as the ratio of
the impact on ozone caused by a given substance to the effect caused by a similar mass of
trichlorofluoromethane (CFC-11; the CFC-11 ODP is defined as 1. Another factor to consider is Global
Warming Potential (GWP). The GWP is a relative measure of how much heat can be trapped by a
greenhouse gas compared to a reference gas, usually carbon dioxide. For example, the emission of one
million tons of a gas with a GWP of 30 is equivalent to emitting 30 million tons of CO, equivalent. In
addition, although the overheating of the working fluid was not considered in this study, it must be ensured
that the steam fraction at the turbine outlet is more significant than 0.9 [52]. That avoids droplet formation
that eventually can generate erosion in the turbine; only dry or isentropic fluids were considered to ensure
this. Due to the irreversibilities associated with the process, the entropy in the expansion process increases,
as seen in Figure 4. Therefore, if the fluid is dry or isentropic, after expansion, the fluid will be in the
superheat region at the condenser pressure. However, if the fluid is wet, there is a risk of operating the
expander with a quality of less than 1, and there is a need to superheat the working fluid so that when it
expands, it is still in the superheated vapour zone. This additional superheat process will require a larger
evaporator and, therefore, a higher cost [53].
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Figure 4: T-s diagram for dry fluid (blue), isentropic fluid (red), and wet fluid (black) [53].

Table 3 shows the thermodynamic characteristics of the working fluids used to evaluate the ORCs'
performance. These fluids present boiling points close to ambient and allow for condensation near
atmospheric pressure. For the ORC, most of the selected fluids are alkanes, as these are environmentally
friendly working fluids with zero ODP and relatively low GWP values [54]. In addition, alkanes have been
widely used in the ORC process, showing that they can perform better than other types of fluids [55], [56].

Table 3: Working fluids for ORC and ORC with a recuperator [57].

Working Fluid Terie (°C) Porit (kPa) Type (0))) 4 GWP

Cyclopentane 238.54 4,515 Isentropic 0 Very low
Pentane 196.55 3,370 dry 0 Very low

R141b 204.35 4,210 Isentropic 0.11 700

R365mfc 186.85 3,270 Isentropic 0 890
Cyclohexane 280.49 4,075 Isentropic 0 Very low
Hexane 234.67 3,034 Dry 0 Very low
Heptane 266.98 2,736 Dry 0 Very low



2.3. Working fluid selection for TLC.

Regarding the working fluids for trilateral cycles, it has been shown that better performance can be achieved
when the critical temperature of the working fluid is close to (but not lower than) the temperature of the
working fluid after the evaporator [58] [59]. Table 4 shows the characteristics for evaluating the TLC
performance of the seven working fluids selected among the 57 reported by [60], prioritising the critical
temperature as a fluid selection criterion (between 170 and 200 °C).

Table 4: Working fluid for TLC [60].

Working fluid = Terit (°C) | Perit (kPa) Type OoDP GWP

R11 197.96 4,410 Isentropic 1 4,680
R141b 204.35 4,210 Isentropic 0.11 700
R21 178.33 5,180 Isentropic 0.01 210
R365mfc 186.85 3,270 Isentropic 0 890

Isopentane 187.2 3,378 Dry 0 Very low

R123 183.68 3,660 Isentropic 0.022 76
R245ca 174.42 3,930 Isentropic 0 640

2.4. Thermodynamic model

The thermodynamic modelling of the power cycles shown in Figure 2 is based on the straightforward
application of mass, energy and exergy balances, as listed in Table 5. For instance, eq (1) presents the
exergy evaluation for any stream in the cycle as:

X—mf[( —ho) — To(si — so)] (D

In addition, the equations in the first-law column account for the heat that enters the cycle in the evaporator,
eq. (2); the heat that leaves the cycle in the condenser, eq. (4); the work delivered by the expander,
considering its mechanical and isentropic efficiencies, eq. (6); the work required by the pump according to
its isentropic efficiency, eq. (8). Conversely, equations for the exergy destroyed by the cycle component
are eq. (3) evaporator, eq. (5) condenser, eq. (7) expander, and eq. (9) pump. Finally, if considered, the
intermediate heat exchanger's calculated heat transfer appears in eq. (10) and the corresponding exergy
destroyed in eq. (11). Energy losses due to pressure drops in the elements were not considered.

Table 5: Energy and exergy balance equations [53].

Component 1 st-law equations 2 st-law equations
Evaporator Qin = mhs(hhs,in - hhs,out) (2) evap (th in th out) - (XS - XZ) (3)
Condenser Qout = Mgy (hcw,out - hcw,in) @) leona = (X4 Xl) cw out ch,in) %)
W,
Expander exp (6) Lexp (X1 Xz) + Woump @)

= Myr (h3 - h4-)nis,expnmech,exp



. m f(hZ - hl)n h, i i . .
Pump Woump = - Nig pum:lec = ®) lpump = (X3 - X4) ~ Wexp )

IHE QIHE = mwf(h4.2 — hs1) (10) iIHE = (X4.2 - X4.1) - (X2.1 - Xz.z) (11)

2.5.Performance indicators.

Performance indicators are calculated with the equations reported in Table 6 to determine each evaluated
alternative's performance. This table corresponds to the models that describe the most used performance
indicators.

Table 6: Performance indicators models.

Performance indicators Equation
Net work Wnet = WExp - VVpumps (12)
Emission saving EM = wy, x EF (13)
Total capital cost Ctot= Cioterem + COM (14)
Net t val NPV = R 15
et present value = T+ 07 (15)
. _ Wnet
Ist-law efficiency Ny = — (16)
Qin
. _ Whet
2nd-law efficiency Mggg =55 17)
th,in - th,out
Volumetric flow ratio VFR =V, /V, (18)
C
Specific investment cost SIC = 2 (19)
Wnet

In that order, these equations are included to consider the following aspects:
e The cycle's net power includes the work of the expander and the pumps, included in eq (12).

e The CO, emissions that are no longer emitted due to the self-generation of electricity are calculated
with eq (13).

o The total cost corresponds to the sum of each element's costs; this considers installation, operation
and maintenance costs as depicted in eq (14).

e The net present value of the cash flows (income - expenses) originating from the investment is
evaluated as expressed in eq (15).

o First law efficiency depends on the plant's net power and the heat input to the cycle, see eq. (16).

e As presented in eq (17), exergy efficiency is calculated regarding the available exergy (delivered
net power) and the exergy input to the cycle.

e  The volumetric flow ratio, eq. (18) gives a measurement of the working fluid volume change in the
expander; thus, if this exceeds the value of 50, several stages of expansion must be considered [61].
Naturally, then, the lower the VFR, the better.



e Specific investment cost (SIC) expressed in eq. (19) is a standard indicator for preliminary
economic assessments of power cycles. This metric represents the system's total capital cost (TCC)
per rated kW of generated power [62].

2.6.Cost model.

The total capital cost of an ORC system is primarily determined by the cost of each major component
(evaporator, condenser, turbine, and pumps). The heat exchangers (evaporator and condenser) contribute
the most to the total investment cost [63]. In this case, the material used for the heat exchangers is carbon
steel, and their configuration is shell and tube. The heat transfer model used for sizing the heat exchangers
was the logarithmic mean temperature method; the resistance due to fouling in the heat transfer process is
ignored.

In the case of the evaporator, this was divided into two processes (heating and evaporation). In the case of
the condenser, it was also divided into two processes (condensation and cooling) [64],[65]. It is worth
mentioning that the working fluid's effect on the investment's total cost is small [66],[67]. Therefore, the
cost of the working fluid is not considered in this work. Instead, the current method of the total capital cost
used adopts the correlations found in [68],[69]. In this way, the capital cost of the heat exchangers, turbine,
generator and pumps is determined by the equations shown in Table 7 [69]. The coefficients
K1,K3,K3,B4,B3,Cq,Cy,C3,F,, and F,, are coefficients that adjust the cost for the different equipment
used in the power cycle configuration. These have to do with the type of element used, the element's size,
the material of construction, and the operating pressure [70]. These coefficients are depicted in Table 8.

Table 7: Economic model for the components of ORC cycles [69].

Name Equation
Heat exchanger LOgC}?,Evap,Cond = Ky + K3l0g,0(4) + K3[logyo(A)]? (20)
Expander/Pump LogCR pxppump = Ki + K3logio(W) + K;[log,o(W)]? (21)
Generator CPen = 60(Wyep )0'95 (22)
Basic cost 2001 Camz001 = CP(By + ByF,F,) (23)
Pressure correction factor logF, = C; + C,1ogy(p) + C3[log(p)]? (24)
Corrected cost for 2022 Cem,2022 = Com,2001CEPCly025 /CEPCly00q (25)

Ctot,elem = CBM,evap + CBM,concl + CBM,recup + CBM,turb + CBM,bomb

Total item cost (26)
+ CBM,bomb aux + CBM,Gen
Maintenance cost COM = Ciotetem * 1.5% (27)
Table 8: Equipment cost constants [69].
Equipment K1 K2 K3 Cl Cc2 c3 BI B2 Fm  Fbm
T“:;Zﬁnd 4831 0851 0319 0039  -0.113 0082 163 166 13 0
Pump 3.389 0.054 0.154 -0.394 0.396 -0.002 1.89 135 1.5 0

Expander 2.248 1.497 -0.162 0 0 0 0 0 0 33




2.7. Parameters and boundary conditions

Table 9 shows the parameters and boundary conditions used in this work. Due to the restriction of the bag
filter (an element that does not withstand temperatures above 180 °C), the outlet temperature of the gases
after passing through the cycle was evaluated between 150 and 180 °C, with 10 °C intervals for a total of
four temperatures. Another parameter that was varied in this work was the pinch point of the evaporator,
which was evaluated with values of 10 and 20°C. Seven working fluids were also analysed for each
technology, resulting in 168 possible configurations or alternatives. This number of configurations results
from multiplying the size of the variable vectors (i.e., four flue gas outlet temperatures, two evaporator
pinch point temperatures, seven working fluids, and three cycle settings).

Table 9: Parameters and boundary conditions

Parameter Nomenclature Unit Value
Gaseous effluent inlet temperature Ths in °C 327
Gaseous effluent outlet temperature Ths out °C (150, 160, 170, 180)
Mass flow of gaseous effluent My kg/s 132.15
Cooling water inlet temperature Tewin °C 27.8
Cooling water outlet temperature Tew our °C 37.8
Fluid outlet temperature in the condenser Teond °C 60
Pinch point in evaporator Ty °C (10, 20)
Turbine Isentropic Efficiency (ORC) Riurb % 85
Turbine Isentropic Efficiency (TLC) Riurb % 70
Isentropic pump efficiency Hpump % 70
generator efficiency Ngen % 95
operation time top h/afio 7400
Lifecycle Lt afios 20
Cost of electricity on the network Cetec $/kWh 0.12
Annual interest rate i % 5
Number of working fluids Wy (W11, W2, W13, Wf4, W5, Wt6, Wf7)
Settings (ORC, TLC, RORC)

3. Results.

This section presents the validations of the models used to analyse the impact on the ORC and TLC
configurations' first and second law performance. Then, after the validation process, this section includes a
3E evaluation (Economic, Energetic and Environmental) of each of the alternatives. The economic
indicators are the investment cost and the net present value (Ctot, NPV), and the economic indicator is the
net power (W,.;) and the environmental indicator is the emissions saved (Em). Finally, the AHP



methodology is applied to the case study to account for the solutions or solutions that best fit the making-
decision parameters defined for this end.

3.1. Validations.

This section presents the validations of the mathematical models used in this work to guarantee the results
obtained when using the CoolProps® thermodynamic properties library. The first validation uses the Peng-
Robinson model [71], which is used to model pure organic fluids. Then a second validation is performed
regarding the cost model shown in Table 7. That model calculates each component's cost on all power
cycles and costs associated with operation and maintenance.

3.1.1. Thermodynamic model validation.

Regarding the modelling of power cycles, the Peng Robinson model is the most used in the literature and
the one that presents the best results when working with pure organic fluids [71], [72], [73]. Therefore, in
this work, the Peng-Robinson model was chosen to evaluate the thermodynamic states of the cycles. The
Peng-Robinson model validation was previously performed using the CoolProps® library in the Python
computational tool. Table 10 shows the parameters and results of the model validation using the data
reported by [74]. In the latter, the authors studied the performance of a TLC and compared it with an ORC
and a Kalina cycle from a thermo-economic point of view. The authors consider a low-grade heat source
with a temperature of 120 °C for all three systems. In addition, they carry out parametric studies of the
systems for different working fluids in the ORC and TLC. In this case, a TLC with n-Butane and an ORC
that works with R1234yf was chosen as a reference for validating the actual model. The objective parameter
used for the validation was the thermal efficiency of the cycle and not the net power since the value of the
mass flow of the working fluid in the said work is not reported. In this sense, in the case of the TLC, a
relative error of 2.77% in thermal efficiency was obtained; in the case of ORC, the relative error was 1.12%.
This indicates an excellent performance of the model when replicating results.

Table 10: Validation of the Peng Robinson model.
Operating conditions [74]

Parameter TLC ORC
Working fluid n-Butane R1234yf
Ts [°C] 109 84
T, [°C] 40 40

Npump 0.75 0.85
Nurb 0.85 0.85
W et [kKW] 2,034 1,816
Validation
W tar [kW] 2489 2,133
W pump [KW] 4552 317.1
W et [KW] 2,033.8 1,815.9

Qi [kW] 29.860.9 23.583.2



N (This model) 0.0681 0.077
nw (Yari [48]) 0.0701 0.07787
Error [%] 2.77% 1.12%
3.1.2. Cost model validation

A model implemented in the Python computational tool estimates the cost associated with each cycle
component (Evaporator, condenser, turbine, pumps, generator). Before using the model for this work to
evaluate all configurations mentioned above, it was validated with the data reported by other peers. For
example, in [75], the authors model an ORC using R32 as the working fluid and calculate the cost of each
component using equations (20) to (27). Table 11 shows the cost adjustment coefficients associated with
the type of element used, the element's size, the construction material and the operating pressure. Table 12
shows the cost model's conditions and input data; finally, Table 13 shows the validation result. It is possible
to observe from the results that errors of 4.1%, 3.6%, -0.3%, and 0.3% were obtained for the evaporator,
condenser, pump and turbine, respectively. This indicates a good fit of the model to calculate the cost of
the elements of the cycle.

Table 11: Adjustment constants of the cost model [75].
Equipment K1 K2 K3 cl C2 (3 B1 B2 Fm | Fbm

Evaporator 4325  -0.303 0.163 0 0 0 1.63 1.66 = 1.25 -
Condenser 4.831 -0.850 0.319 0 0 0 1.63 1.66 1.3 -

Pump 3.389 | 0.054 0.154 0 0 0 1.89 1.35 1.5 -
Expander 2.248  1.497 -0.162 - - - - - - 33

Table 12: ORC operating conditions with R32 for validation [75].

Parameter Units Value
P evaporator [bar] 80.52
P condenser [bar] 1
W pump [kW] 19.26
W exp [kW] 105.7
A cvap [m?] 169.81
A cond [m?] 47.06
CEPCI 2001 [-] 541.7
CEPCI 2016 [-] 397

Table 13: Cost model validation results.
Component cost [USD]

Element Error
Validation [75]

Evaporator $§ 146,326 $ 152,360 4.1%

Condenser $ 102,888 $ 106,610 3.6%

Pump $ 45335 $ 45,180 -0.3%

Expander $ 184,466 $ 185,030 0.3%




3.2. Thermodynamic analysis.

Figure 5 shows the four selection criteria analysed in this study for each of the alternatives, being a) the Net
Present Value, b) the emissions saved, c¢) the total investment cost, and d) the net power output. For instance,
it is desired to maximise the net present value, the emissions saved and the net power output, and on the
other hand, to minimise the investment cost. Though, when the maximisation and minimisation criteria are
applied separately, different results are obtained, as shown in Table 14. However, knowing the optimum
for each criterion is not enough to decide. To make the right decision, it is necessary to integrate all the
strict measures to optimise these four criteria simultaneously. Even more so, when the selection criteria do
not have the same level of importance for the company, the AHP multicriteria decision-making
methodology becomes essential.
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Figure 5: Selection criteria for each alternative.

The VFR parameter represents the compressibility effect through the expansion process, corresponding to
a ratio between the volumetric flow at the inlet and outlet of the turbine; VFR values higher than 50 require
carrying out the expansion in two stages due to the losses related to the existence of high Mach numbers.
Therefore, all those alternatives with a turbine with a Volumetric Flow Ratio (VFR) greater than 50 are
discarded before implementing the AHP methodology [61]. Additionally, for reaction turbines, there is a
negative influence of the wide variations of the flow area across the rotor blades. Therefore, since the ORC
cycles modelled in this work have a single expander, this VFR relationship is used to discard configurations
that exceeded this limit before applying the AHP methodology to reduce the resulting arrays' size as much
as possible. For example, Figure 6 shows the VFR graph for ORC and RORC configurations (numbers 1 -



112). It can be seen that these technologies do not exceed the VFR limit. However, in the case of the TLC
(configurations 113 to 168), the R365mfc has a VFR greater than that limit, Figure 7. Therefore,
arrangements with this working fluid were not considered for applying AHP.

Table 14: Best alternative for each selection criteria.

Parameters Criteria
Working 1774 NPV TCC Em
CcOoD Ts | T net

Technology fluid Y1 (Max) | Max) | Min) | (Max)

[] [°C] | [°C] | [kW] | [MUSD] | [MUSD] | [tCO2]

93 RORC Cyclohexane | 170 10 4167 38.1 6.8 7,666

95 RORC Cyclohexane | 180 10 4153 384 6.4 7,640

40 ORC Cyclohexane | 180 | 20 3459 31.3 59 6,362

93 RORC Cyclohexane | 170 10 4167 38.1 6.8 7,666
60
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Figure 6: VFR graph by ORC and RORC.
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Figure 7: VFR graph by TLC

3.3.CO; emissions saved.

The CO, emissions obtained from equation (15) are reported in Figure 8 in tonnes per year that could be
saved if the electricity generated with this alternative was no longer purchased from the national electricity
grid. The option that presents the most significant savings in €O, emissions is number 93 (Figure 8 (b)).
That one corresponds to a RORC cycle that works with cyclohexane and recovers waste heat from a gas
outlet temperature Ty oyt at 170 °C. In the case of the simple ORC, the best alternative is number 5 (Figure
8(a)), which works with cyclopentane and Ty o, Of 170 °C. Finally, in the case of the TLC, the best
alternative is number 159 (Figure 8) (c), operating with heptane and T} ,; Of 180 °C. In all three cases,
the cycles operate with pinch point temperature T, = 10°C.
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3.4. Application of the Analytical Hierarchy Process (AHP).

The analytical hierarchy method was applied considering four decision criteria (1) total investment cost,
(2) net present value, (3) net energy generated and (4) CO, emissions avoided, including five scenarios,
assuming first that the company has an economic restriction to invest. Therefore, it was decided to prioritize
the minimization of the investment cost over the rest of the criteria. In the second scenario, the condition in
which the company has sufficient availability of money to invest is studied, so the net present value is
prioritised over the other criteria. The third scenario is associated with a situation in which a company has
a high electrical demand, and the only way it can generate energy is through one of these alternatives.
Therefore, the net power output is prioritised over the other criteria in this case. The fourth scenario includes
a company forced to reduce its carbon footprint; therefore, the value in saved emissions is prioritised.
Finally, a last application of the methodology was carried out in a fifth scenario, considering a hypothetical
case in which economic indicators are given importance simultaneously over other factors, which
eventually could be the best-case scenario for the company's interests.

3.4.1. Scenario 1: Prioritising the total investment cost.

Table 15 shows the matrix of judgments prioritising the total investment cost when the company has a
capital restriction to invest in a waste heat recovery technology. It is observed that the investment cost
presents a 55.2% importance over the other criteria to prioritise this criterion over the others.

Table 15: Matrix of judgments prioritising investment cost.

Criteria W, [kW] Emissions NPV Total cost Normalised matrix Weighting
net [Tonnes/year] = [MUSD] [MUSD] [%]
Wnet [kW] 1 3 1/3 1/5 0.11 0.21 0.07 @ 0.12 12.8
Emissions 13 1 1/4 1/6 004 007 005 0.10 6.5
[Tonnes/year]
NPV [MUSD] 3 4 1 1/3 0.32 0.29 0.22 ' 0.20 25.5
Total cost
5 6 3 1 0.54 043 0.65 0.5 55.2
[MUSD] ?
Sum 9.3 14.0 4.6 1.7 1.0 1.0 1.0 1.0 100

The results of applying the AHP methodology, prioritising the investment cost over the other criteria, are
presented in Table 16. In total, 160 alternatives were evaluated (The complete table can be found in the
annexes section). However, due to the high number of data and information to report, only the three best
options for each technology are shown. The first column shows the position or prioritisation given to the
alternative after applying the AHP methodology, with alternative number 1 being the one that obtained the
best performance and alternative 160 the one that got the worst. The best alternative is case number 39 (i.e.,
ORC with cyclohexane, a gas outlet temperature of 180 °C, and a pinch point of 10 °C). This has a total
investment cost of 5.9 MUSD, a net power output of 3,646 kW, a net present value of 33.3 MUSD and a
specific investment cost of 1,629.9 USD/kW. As for the RORC:s, their best option is number 95, occupying
the second position. This option works with cyclohexane with Ty oy = 180 °C and Ty,,, = 10 °C, it has a
higher net power output than the simple ORC (4,153 kW), a higher net present value (38.4 MUSD), a total
cost investment of 6.4 MUSD and a specific investment cost of 1,543 USD/kW. Finally, the best TLC is
ranked 71st. This alternative works with isopentane with Ty o, = 180 °C and T,,,, = 20 °C. This presents



an investment cost of 6.6 MUSD and a net present value much lower than the other variants (12.2 MUSD).
On the other hand, it had a lower net power output, with 1,812 kW and a specific investment cost of more
than double compared to the best alternatives of each variant 3,636 USD/kW.

Table 16: Best three alternatives for each technology according to prioritisation of total investment cost.

Position Cod Technology Wﬁflli(:lng ];l:s Tpp  Wet NPV TCC Em Prioritisation

[-] [-] [-] [-] [°C] [°C] [kW] [MUSD] [MUSD] [tCO2] [-]

1 39 ORC Cyclohexane 180 @ 10 | 3,646 333 59 6,706.7 144.9
2 95 RORC Cyclohexane 180 @ 10 4,153 38.4 6.4 7,640.3 139.9
3 40 ORC Cyclohexane 180 @ 20 | 3,459 31.3 59 6,362.4 139.6
4 7 ORC Cyclohexane 180 @ 10 @ 3,678 33.6 6 6,765.8 136.6
5 96 RORC Cyclohexane 180 @ 20 | 3,906 35.8 6.3 7,184.7 134.1
9 93 RORC Cyclohexane 170 = 10 | 4,168 38.1 6.8 7,666.5 118.2
71 144 TLC Isopentane 180 @ 20 @ 1,812 12.2 6.6 3,332.7 61.6
77 128 TLC R141b 180 | 20 | 1,791 12 6.6 3,293.8 58.5
83 152 TLC R123 180 ' 20 1,777 11.7 6.7 3,269.6 55.6

3.4.2. Scenario 2: Prioritising net present value.

Table 17 shows the judgment matrix prioritising the net present value in a scenario where the company has

limited capital to invest in a waste heat recovery technology. It is observed that the net present value
obtained 54.4% of importance over the other criteria. Table 18 shows the results of applying the AHP
methodology, prioritising the net present value over the other criteria. For this case, the best alternative is
number 95 (RORC with cyclohexane with a gas outlet temperature of 180 °C and a pinch point of 10 °C).
This has a net present value of 38.4 MUSD, a total investment cost of 6.4 MUSD, a net power output of
4,154 kW and a specific investment cost of 15,423 USD/kW. As for the ORC, the best option is number
39, occupying the ninth place. It works with cyclohexane with T gy = 180 °C and Tp,,, = 10 °C, and has

a net present value of 33.3 MUSD, a total investment cost of 5.9 MUSD, a net power output of 3,646 kW,
and a cost-specific investment of 1,630 USD/kW.

Table 17: Matrix of judgments prioritising net present value.

p .. Total
Criteria Mlgl;t [l::;::ls::s)/ns] [I\TIIJ);ID] cost Normalised matrix Weighting
(kW y [MUSD]
Whet [kW] 1 3 1/5 1/4 0.10  0.21 | 0.12 0.06 12.2%
Emissi
rissions 1/3 1 1/6 /4 003 007 010 0.06 6.4%
[Tonnes/y]
NPV [MUSD] 5 6 1 3 049 043  0.59 0.66 54.4%
Total cost
4 4 1/3 1 0.38 029  0.20 0.22 27.09
[MUSD] &
Sum 10.1 14.0 1.7 4.5 1.0 1.0 1.0 1.0 100%




Finally, the best TLC is ranked 111th. It works with isopentane with T gy = 180 °C and T, = 20 °C,

with a much lower net present value than the best option of the other variants (12.2 MUSD), an investment
cost of 6.6 MUSD. This one also has a lower net power output, with 1,812 kW and a specific investment
cost of more than double when compared to the best alternatives of each variant, 3,637 USD/kW. Previous
results agree with what was found in the literature: TLC is not implemented in most cases because it still is
a costly technology due to the need for much larger heat exchangers and higher pumping power [37]. For
the best options for ORC and RORC, pumping powers of 64.2 and 72.9 kW, respectively, are required.
However, in the case of the alternatives operating with TLC, 385 kW is required. Therefore, the TLC value
is five times higher than both cases, increasing the investment cost. The positive cash flows are lower,

implying a low net present value since it produces slightly less than half the net power output of the best
ORC and RORC options.

Table 18: Best three alternatives for each technology according to prioritisation of net present value.

Working

Ths

Position Cod Technology fluid o Top  Woet NPV TCC Em Prioritisation
[-] [-] [-] [-] [°C] [°C] [kW] [MUSD] [MUSD] [tCO2] [-]
1 95 RORC Cyclohexane 180 @ 10 4,153 38.4 6.4 7,640 152.8
93 RORC Cyclohexane 170 @ 10 4,168 38.1 6.8 7,667 140.7
3 96 RORC Cyclohexane 180 @ 20 | 3,906 35.8 6.3 7,185 133.5
9 39 ORC Cyclohexane 180 10 | 3,646 333 5.9 6,707 120.3
10 7 ORC Cyclohexane 180 @ 10 3,678 33.6 6 6,766 118.2
17 37 ORC Cyclohexane 170 @ 10 | 3,691 333 6.3 6,789 106.6
111 144 TLC Isopentane 180 20 | 1,812 12.2 6.6 3,333 393
112 128 TLC R141b 180 = 20 @ 1,791 12 6.6 3,294 37.5
114 143 TLC Isopentane 180 10 | 1,995 14 6.8 3,670 37.0

3.4.3. Scenario 3: Prioritising net power output.

Table 19 shows the matrix of judgments prioritising net-work in a scenario where the company does not

have other ways to generate energy. The only alternative is through the implementation of power cycles. It
is observed that the net power output presents a 59.9% of importance over the other criteria.

Table 19: Matrix of judgments prioritising net-work.

Criteria [vlr";t] [TEonml:ZZl/;lelzslr] [I\TIIJ);ID] 1;;:23 Sc]‘;it Normalised matrix Weighting
Waet [KW] 1 6 4 5 0.66 0.35 0.64  0.75 59.9%
Emissions 1/8 1 1/4 1/5 0.08  0.06  0.04 0.03 5.3%

[Tonnes/year]
NPV [MUSD] 1/5 5 1 172 0.13 029 0.16 0.07 16.5%
Total cost 1/5 5 1 1 0.13 029 0.16 0.15 18.4%

[MUSD]

Sum 1.5 17.0 6.3 6.7 1.0 1.0 1.0 1.0 100%




Table 20 shows the results of applying the AHP methodology, prioritising the net power output over the
other criteria. In this scenario, the best alternative is number 95 (i.e., RORC with cyclohexane, a gas outlet
temperature of 180 °C, and a pinch point of 10 °C). This option has a net present value of 38.4 MUSD, a
total investment cost of 6.4 MUSD, a net power output of 4,153 kW and a specific investment cost of 1,543
USD/kW. Regarding the ORC, the best option is the number 39, occupying the 19th position. It works with
cyclohexane with Tyg oy = 180 °C and Ty, = 10 °C, with a net power output of 3,646 kW, a net present
value of 33.3 MUSD, a total investment cost of 5.9 MUSD, and a specific investment cost of 1,630
USD/kW.

Table 20: Best three alternatives for each technology according to prioritisation of net power output.

Techn Working T ns

Position = Cod Top | Waet NPV TCC Em Prioritisation

ology fluid out

[-] [-] [-] [-] [°C] [°C] [kW] [MUSD] [MUSD] [tCO2] [-]
1 95 | RORC | Cyclohexane = 180 10 @ 4,153 38.4 6.4 7,640 154.3
93 | RORC | Cyclohexane @ 170 10 @ 4,168 38.1 6.8 7,667 149.1
3 91 RORC Cyclohexane 160 10 | 4,124 37.2 7.1 7,587 136.6
19 39 ORC Cyclohexane = 180 = 10 | 3,646 333 5.9 6,707 105.6
20 7 ORC | Cyclopentane = 180 10 @ 3,678 33.6 6 6,766 105.2
24 5 ORC | Cyclopentane 170 10 | 3,722 33.6 6.4 6,847 100.9
113 144 TLC Isopentane 180 20 1,812 12.2 6.6 3,333 31.9
114 143 TLC Isopentane 180 10 1,995 14 6.8 3,670 31.4
115 128 TLC R141b 180 20 | 1,791 12 6.6 3,294 30.4

Finally, the best TLC is ranked 113th. This cycle works with isopentane with Ty o, = 180 °C and Ty, =

20 °C, and has a net power output of 1,812 kW, a net present value much lower than the best other TLC
variants (12.2 MUSD), and an investment cost of 6.6 MUSD. It has a specific investment cost of more than
double compared to the best alternatives of each variant, 3,636 USD/kW. Therefore, the net power output
generated by the best TLC option is less than half of that generated by the best ORC and RORC alternatives.
The pumping power is multiplied by 6 and 5.28 if compared with the best options of ORC and RORC,
respectively. The previous results agree with what was reported by other authors since much higher
pumping powers are required for this technology compared to conventional ORC [58].

3.4.4. Scenario 4: Prioritising saved emissions.
Table 21 shows the matrix of judgments prioritising the saved CO; emissions when the company is forced
to reduce its carbon footprint. Again, it is observed that the target criteria, in this case, the emissions saved,
has a 56.5% importance over the other criteria.

Table 22 presents the five best alternatives for each technology, showing the results after applying the AHP
methodology and prioritising the emissions saved over the other criteria. For this scenario, the best
alternative is the number 95 (i.e., RORC with cyclohexane with a gas outlet temperature of 180 °C and a
pinch point of 10 °C). This option has a net present value of 38.4 MUSD, a total investment cost of 6.4
MUSD, a net power output of 4,153 kW and a specific investment cost of 1,543 USD/kW. As for the ORCs,
the best option is number 7, occupying position number 20. The latter works with cyclopentane, Thg oyt =



180 °C and Ty, = 10 °C, and has a net power output of 3,678, a net present value of 33.6 MUSD, a total
investment cost of 6 MUSD, and a specific investment cost of 1,637 USD/kW. Finally, the best TLC ranked
113, operating with isopentane with Tjg o,y = 180 °C and Tp,,, = 20 °C. This option has a net power output
of 1,812 kW, a net present value much lower than the best option of the other variants (12.2 MUSD), with
an investment cost of 6.6 MUSD. It has a specific investment cost (3,636 USD/kW) that is more than double
compared to each variant's best alternatives.

Table 21: Matrix of judgments prioritising saved emissions.

L. W e Emissions NPV Total cost . . Weightin
Criteria (kW] [Tonnes/year] [MUSD] [MUSD] Normalised matrix g
W e [KW] 1 1/6 1/5 1/4 0.06  0.10 0.03  0.04 5.9%
Emissi
rissions 6 1 4 4 038 0.60 0.65 064  56.5%
[Tonnes/year]
NPV [MUSD] 5 1/4 1 1 031  0.15 0.16 0.16 19.6%
Total cost
4 1/4 1 1 0.25  0.15 | 0.16 0.16 18.0%
[MUSD] °
Sum 16.0 1.7 6.2 6.3 1.0 1.0 10 1.0 100%

Table 22: Best three alternatives for each technology according to prioritisation of saved emissions.

Positio Cod Technolo Worl.(ing T ns Too W NPV TCC Em F’ri(?rit
n gy fluid out isation
HooB @ ra rg kW pusop CE ooz
1 95 RORC Cyclohexane 180 10 4,153 38.4 6.4 7,640 155.0

93 RORC Cyclohexane 170 10 4,168 38.1 6.8 7,667 150.3

3 91 RORC Cyclohexane 160 10 4,124 37.2 7.1 7,587 138.2
20 7 ORC Cyclopentane =~ 180 10 3,678 33.6 6 6,766 104.4
21 39 ORC Cyclohexane 180 10 3,646 333 5.9 6,707 104.4
26 5 ORC Cyclopentane = 170 10 3,722 33.6 6.4 6,847 100.8
113 144 TLC Isopentane 180 = 20 1,812 12.2 6.6 3,333 30.7
114 143 TLC Isopentane 180 10 1,995 14 6.8 3,670 30.5
115 127 TLC R141b 180 10 1,965 13.7 6.8 3,615 29.4

3.4.5. Scenario 5: Prioritisation investment cost and net present value

Table 23 presents the judgment matrix considering both economic indicators. It is observed that the
investment cost obtained a 51.4% importance, followed by the net present value with a 31.2% importance.
In third place are emissions with 11.3% importance and net power with 6.1% importance. The results of
applying the AHP methodology are reported in Table 24, considering only the three best cases. The
complete table with the 160 alternatives can be found in the annexes section. For this case, the best
alternative is number 39 (i.e., ORC with cyclohexane with a gas outlet temperature of 180 °C and a
temperature difference at the pinch point of 10 °C). This has a total investment cost of 5.9 MUSD, a net
power of 3,646 kW, a net present value of 33.3 MUSD and a specific investment cost of 1,630 USD/kW.



Table 23: Judgment matrix considering investment cost and net present value

W Emissions NPV Total
Criteria k{‘;/t [Tonnes/year [MUSD] cost Normalised matrix Weighting
(kW] | [MUSD]
W e [KW] 1 1/3 1/5 1/6 0.07  0.03  0.06 0.09 6.1%
Emissi
risstons 1 1/4 /6 020 009 007 009  11.3%
[Tonnes/year]
NPV [MUSD] 5 4 1 12 0.33 035 029 0.27 31.2%
Total cost
2 1 4 . . . 1.49
[MUSD] 6 6 040 053 0.58 0.55 51.4%
Sum 15.0 11.3 3.5 1.8 1.0 1.0 1.0 1.0 100%

Table 24: Best three alternatives for each technology considering investment cost and net present value.

Working T ns

Position Cod Technology Top  Whet NPV TCC Em Prioritisation

fluid out
[-] [-] [-] [-] [°C] [°C] [kW] [MUSD] [MUSD] [tCO2] [-]
1 39 ORC Cyclohexane = 180 10 @ 3,646 333 5.9 6,707 145
2 95 RORC Cyclohexane = 180 10 4,153 38.4 6.4 7,640 140
3 40 ORC Cyclohexane = 180 20 @ 3,459 31.3 5.9 6,362 140
4 7 ORC Cyclopentane | 180 10 3,678 33.6 6 6,766 137
5 96 RORC Cyclohexane = 180 20 @ 3,906 35.8 6.3 7,185 134
9 93 RORC Cyclohexane @ 170 10 4,168 38.1 6.8 7,667 118
71 144 TLC Isopentane 180 20 1,812 12.2 6.6 3,333 62
77 128 TLC R141b 180 20 1,791 12 6.6 3,294 58
83 152 TLC R123 180 20 | 1,777 11.7 6.7 3,270 56

Regarding the RORC:s, the best option is number 95, occupying the second position. This alternative works
with cyclohexane with Ty o, = 180 °C and T,,;, = 10 °C, it has higher net power output than the RORC.
The simple ORC has a net power (4,153 kW), a higher net present value (38.4 MUSD), a total investment
cost of 6.4 MUSD and a specific investment cost of 1,543 USD/kW. Regarding the TLC, the best option is
number 144; this one is ranked 71st, working with isopentane with Ty o,y = 180 °C and T}, = 20 °C. That
configuration presents an investment cost of 6.6 MUSD and a net present value much lower than the other
variants (12.2 MUSD). It also has a lower net power with 1,812 kW and a specific investment cost of more
than double compared to the best alternatives of each variant, 3,636 USD/kW. Finally, it should be noted
that, although the complexity of the technology is not a selection criterion used in this work, the simple
ORC has an advantage over the RORC due to the simplicity of its components, as it does not have the
intermediate heat exchanger, which usually makes it more compact, less complex and therefore requiring
fewer resources and maintenance time.

In this study, cyclohexane was found to be an adequate working fluid for waste heat recovery systems with
a heat source that is 321°C. In similar works with nearby temperature sources (300 °C), this behaviour can
be observed [76], [77]. This fluid turned out to be expected for the five scenarios considered. This indicates
that this working fluid can offer good energy, environmental and economic results.



3.4.6. Criteria trend.

For scenarios 1 and 5, the AHP method favoured option 39, corresponding to an ORC that employs
cyclohexane with a gas outlet temperature of 180 °C and a pinch point of 10 °C. This preference was
primarily established based on its low investment cost, thus reflecting a homogeneity in the assessment of
the criteria. In contrast, for scenarios 2, 3, and 4, the AHP method favoured alternative number 95,
corresponding to a Regenerative Organic Rankine Cycle (RORC) with cyclohexane, the same gas outlet
temperature, and pinch point. This choice is justified given that the criteria of Net Present Value (NPV) and
Emissions (Em) are strongly influenced by the net power generated (Wnet). In this sense, a higher work
output translates into higher cash flows from the sale of electricity, thereby increasing the NPV. Moreover,
a higher energy performance leads to considerable savings in CO, emissions, as it reduces energy
consumption from the national electricity grid. This variation is visualised in Figure 9, illustrating the
evolution of the criteria for each scenario examined.
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Figure 9: Evolution of Criteria Across Different Scenarios.

4. Conclusions.

The results obtained in this study after applying the AHP methodology showed that the RORC could be
considered the best technology when the main objective is to maximise energy performance and emission
savings since it has better values for these indicators. However, when the alternatives are analysed from an
economic point of view, trying to minimise the investment cost, maximise the net present value and, in
turn, maintain good net power values and saved emissions, the best technology turned out to be simple
ORC. In addition, this stands out for its components' simplicity, even though technological complexity is
not a selection criterion used in this work. This would imply a more compact and less complex solution
requiring fewer resources and less maintenance time.

According to the five decision scenarios analysed, the AHP was applied to find the best alternatives
considering technical, economic and environmental aspects. For instance, in scenarios 1 and 5 (the scenarios
that could best suit the company's needs and assign more importance to economic criteria), the AHP
methodology estimated that the best alternative in both cases was number 39. Alternative 39 corresponds



to a simple ORC with cyclohexane with a gas outlet temperature of 180 °C and a temperature difference at
the pinch point of 10 °C. This has a total investment cost of 5.9 MUSD, which is 8.47% lower than the
alternative that ranked second (RORC number 95), a net power of 3,646 kW, 13.92% lower, and a net
present value of 33.3 MUSD, 15.32% lower, and a potential reduction of CO, emissions of 6707 tonnes
per year, 13.92% lower than alternative 95. However, the second-ranked alternative appeared to perform
better regarding net power output, net present value, and emissions. This, in turn, had a higher investment
cost. Therefore, applying the AHP method prioritised an alternative that minimised the investment cost but
maintained outstanding performance in the other three indicators.

Conversely, regarding the results for scenarios 2, 3 and 4 (when net present value, net power output and
saved emissions are prioritised, respectively), the first and second alternatives were RORC numbers 95 and
93, respectively. About the net present value, alternative number 95 was barely 0.65% higher; this, in turn,
produced 0.35% less net power output; up to this point, it can be said that the cycles are very similar.
However, Alternative 95 was 5.47% cheaper when investment cost compared to the second-placed
alternative. This last indicator determined which of the two options was better. Finally, the TLC proved not
significantly better than the other technologies for any criteria evaluated. Since, in the best cases (scenario
1 investment cost prioritised), the best TLC alternative appeared in the prioritisation position number 71.
This technology obtained low net power output values, saved emissions, present value net and high
investment costs, which makes it unattractive compared to the other two technologies evaluated in this
work. However, it is expected and highly recommended in future works to include other variants of ORC,
such as ORC at supercritical pressures (ORC transcritical), ORC with multiple stages of evaporation, and
ORC with double stages in the expansion. ORCs with various intermediate recuperators (e.g., regenerative
ORC), ORC in a cascade configuration, including Kalina cycles and their variants, thermoelectric
generators and any other waste heat recovery technology can be applied and used for the case study.
Additionally, cyclohexane was an adequate working fluid for cement ORC waste heat recovery systems
since it was typical for the fifth scenario analysed. This indicates that cyclohexane can offer good energy,
environmental and economic results.

This study significantly benefits decision-makers in the cement industry and researchers interested in
optimising energy efficiency and minimising CO, emissions. It provides a detailed and customisable
framework for evaluating and selecting the best waste heat recovery technology based on each plant's
specific needs and circumstances. Using the Analytical Hierarchical Process (AHP) offers a rigorous and
transparent methodology for weighing multiple decision criteria, which can facilitate strategic decision-
making and long-term planning. Additionally, the findings can inform sustainability policies and emission
reduction programs, benefiting broader stakeholders, including environmental regulators and society.

Acknowledgements

This work is part of research funded by The Royal Academy of Engineering through the Newton-Caldas
Fund TAPP18-19\218 project that provides a framework where industry and academic institutions from
Colombia and the UK collaborate in heat recovery in large industrial systems.



References

(1]

(2]

(3]
(4]

(3]

(6]

[7]

[10]

[11]

[12]

[13]

[14]

[15]

M. A. Bagherian and K. Mehranzamir, "A comprehensive review on renewable energy integration for
combined heat and power production," Energy Convers Manag, vol. 224, no. August, p. 113454, 2020, doi:
10.1016/j.enconman.2020.113454.

S. Quoilin, M. Van Den Broek, S. Declaye, P. Dewallef, and V. Lemort, "Techno-economic survey of organic
Rankine cycle (ORC) systems," Renewable and Sustainable Energy Reviews, vol. 22, pp. 168—186, 2013, doi:
10.1016/j.rser.2013.01.028.

European Parliament and M. Ciucci, "ENERGY POLICY: GENERAL PRINCIPLES," 0, 2020.

H. Jouhara and A. G. Olabi, "Editorial: Industrial waste heat recovery," Energy, vol. 160. Elsevier Ltd, pp. 1-
2, Oct. 01, 2018. doi: 10.1016/j.energy.2018.07.013.

Y. qiang Feng et al., "Performance prediction and optimisation of an organic Rankine cycle (ORC) for waste
heat recovery using back propagation neural network," Energy Convers Manag, vol. 226, no. August, p.
113552, 2020, doi: 10.1016/j.enconman.2020.113552.

M. Papapetrou, G. Kosmadakis, A. Cipollina, U. La, and G. Micale, "Industrial waste heat : Estimation of the
technically available resource in the EU per industrial sector , temperature level and country," Appl Therm
Eng, vol. 138, no. July 2017, pp. 207-216, 2018, doi: 10.1016/j.applthermaleng.2018.04.043.

K. Braimakis and S. Karellas, "Integrated thermoeconomic optimisation of standard and regenerative ORC
for different heat source types and capacities," Energy, vol. 121, pp. 570-598, 2017, doi:
10.1016/j.energy.2017.01.042.

E. H. Wang et al., "Parametric analysis of a dual-loop ORC system for waste heat recovery of a diesel engine,"
Appl Therm Eng, vol. 67, no. 1-2, pp. 168-178, 2014, doi: 10.1016/j.applthermaleng.2014.03.023.

V. B. Hemadri and P. M. V. Subbarao, "Thermal integration of reheated organic Rankine cycle (RH-ORC)
with gas turbine exhaust for maximum power recovery," Thermal Science and Engineering Progress, vol. 23,
no. February, p. 100876, 2021, doi: 10.1016/j.tsep.2021.100876.

A. Amini, J. Miller, and H. Jouhara, "An investigation into the use of the heat pipe technology in thermal
energy storage heat exchangers," Energy, vol. 136, pp. 163-172, 2017, doi: 10.1016/j.energy.2016.02.089.

H. Jouhara et al., "Investigation on a full-scale heat pipe heat exchanger in the ceramics industry for waste
heat recovery," Energy, vol. 223, May 2021, doi: 10.1016/j.energy.2021.120037.

M. Ramadan, R. Murr, M. Khaled, and A. G. Olabi, "Mixed numerical - Experimental approach to enhance
the heat pump performance by drain water heat recovery," Energy, vol. 149, pp. 1010-1021, Apr. 2018, doi:
10.1016/j.energy.2018.01.086.

S. Khanna, S. Paneliya, P. Prajapati, I. Mukhopadhyay, and H. Jouhara, "Ultra-stable silica/exfoliated graphite
encapsulated n-hexacosane phase change nanocomposite: A promising material for thermal energy storage
applications," Energy, vol. 250, Jul. 2022, doi: 10.1016/j.energy.2022.123729.

H. Jouhara, Waste Heat Recovery in Process Industries. Wiley-VCH Verlag GmbH, 2022. doi:
10.1002/9783527830008.

A. Mahmoudi, M. Fazli, and M. R. Morad, "A recent review of waste heat recovery by Organic Rankine
Cycle," App! Therm  Eng, vol. 143, no. January, pp. 660-675, 2018, doi:
10.1016/j.applthermaleng.2018.07.136.

N. Yamada, Y. Tominaga, and T. Yoshida, "Demonstration of 10-Wp micro organic Rankine cycle generator
for low-grade heat recovery," Energy, vol. 78, pp. 806-813, 2014, doi: 10.1016/j.energy.2014.10.075.



[17]

[18]

[20]

(21]

(24]

[26]

(27]

(28]

[30]

G. Chen, Q. An, Y. Wang, J. Zhao, N. Chang, and J. Alvi, "Performance prediction and working fluids
selection for organic Rankine cycle under reduced temperature," Appl Therm Eng, vol. 153, no. February, pp.
95-103, 2019, doi: 10.1016/j.applthermaleng.2019.02.011.

H. Chen, D. Y. Goswami, and E. K. Stefanakos, "A review of thermodynamic cycles and working fluids for
the conversion of low-grade heat," Renewable and Sustainable Energy Reviews, vol. 14, n0. 9, pp. 3059-3067,
2010, doi: 10.1016/j.rser.2010.07.006.

G. Shu, X. Li, H. Tian, X. Liang, H. Wei, and X. Wang, "Alkanes as working fluids for high-temperature
exhaust heat recovery of diesel engine using organic Rankine cycle," Appl Energy, vol. 119, pp. 204-217,
2014, doi: 10.1016/j.apenergy.2013.12.056.

H. Tian, L. Chang, Y. Gao, G. Shu, M. Zhao, and N. Yan, "Thermo-economic analysis of zeotropic mixtures
based on siloxanes for engine waste heat recovery using a dual-loop organic Rankine cycle (DORC)," Energy
Convers Manag, vol. 136, pp. 11-26, 2017, doi: 10.1016/j.enconman.2016.12.066.

J.J. Fierro, A. Escudero-Atehortua, C. Nieto-Londofio, M. Giraldo, H. Jouhara, and L. C. Wrobel, “Evaluation
of Waste Heat Recovery Technologies for the Cement Industry,” International Journal of Thermofluids, vol.
8, p. 100040, 2020, doi: 10.1016/5.1jft.2020.100040.

J. J. Fierro et al., "Exergo-economic comparison of waste heat recovery cycles for a cement industry case
study," Energy Conversion and Management: X, p. 100180, 2022, doi: 10.1016/j.ecmx.2022.100180.

A. Kog, G. Adnan, and A. Tandiro, "Parametric optimisation and exergetic analysis comparison of subcritical
and supercritical organic Rankine cycle ( ORC ) for biogas fuelled combined heat and power ( CHP ) engine
exhaust gas waste heat," vol. 111, pp. 923-932, 2016, doi: 10.1016/j.energy.2016.05.119.

C. Zhang, G. Shu, H. Tian, H. Wei, and X. Liang, "Comparative study of alternative ORC-based combined
power systems to exploit high temperature waste heat," Energy Convers Manag, vol. 89, pp. 541-554, 2015,
doi: 10.1016/j.enconman.2014.10.020.

A. H. Mosaffa, N. H. Mokarram, and L. G. Farshi, "Thermo-economic analysis of combined different ORCs
geothermal power plants and LNG cold energy," Geothermics, vol. 65, pp. 113-125, Jan. 2017, doi:
10.1016/j.geothermics.2016.09.004.

S. Lecompte, H. Huisseune, M. van den Broek, B. Vanslambrouck, and M. De Paepe, "Review of organic
Rankine cycle (ORC) architectures for waste heat recovery," Renewable & Sustainable Energy Reviews, vol.
47, pp. 448461, 2015, doi: 10.1016/j.rser.2015.03.089.

K. Braimakis and S. Karellas, "Energetic optimisation of regenerative Organic Rankine Cycle ( ORC ) con fi
gurations," Energy Convers Manag, vol. 159, no. January, pp. 353-370, 2018, doi:
10.1016/j.enconman.2017.12.093.

M. A. Igbal, S. Rana, M. Ahmadi, A. Date, and A. Akbarzadeh, "Trilateral flash cycle (TFC) a promising
thermodynamic cycle for low grade heat to power generation," Energy Procedia, vol. 160, no. 2018, pp. 208—
214, 2019, doi: 10.1016/j.egypro.2019.02.138.

M. A. Igbal, S. Rana, M. Ahmadi, A. Date, and A. Akbarzadeh, "Experimental study on the prospect of low-
temperature heat to power generation using Trilateral Flash Cycle (TFC)," Appl Therm Eng, vol. 172, no.
February, p. 115139, 2020, doi: 10.1016/j.applthermaleng.2020.115139.

H. Kianfard, S. Khalilarya, and S. Jafarmadar, "Exergy and exergoeconomic evaluation of hydrogen and
distilled water production via combination of PEM electrolyser, RO desalination unit and geothermal driven
dual fluid ORC," Energy Convers Manag, vol. 177, no. September, pp. 339-349, 2018, doi:
10.1016/j.enconman.2018.09.057.



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

V. Dolz, R. Novella, A. Garcia, and J. Sanchez, "HD Diesel engine equipped with a bottoming Rankine cycle
as a waste heat recovery system. Part 1: Study and analysis of the waste heat energy," Appl Therm Eng, vol.
36, no. 1, pp. 269278, 2012, doi: 10.1016/j.applthermaleng.2011.10.025.

R. Zhao, H. Zhang, S. Song, Y. Tian, Y. Yang, and Y. Liu, "Integrated simulation and control strategy of the
diesel engine—organic Rankine cycle (ORC) combined system," Energy Convers Manag, vol. 156, no. 100,
pp. 639-654, 2018, doi: 10.1016/j.enconman.2017.11.078.

Y. A. A. Laouid, C. Kezrane, Y. Lasbet, and A. Pesyridis, "Towards improvement of waste heat recovery
systems: A multi-objective optimisation of different organic Rankine cycle configurations," International
Journal of Thermofluids, vol. 11, p. 100100, 2021, doi: 10.1016/j.1jt.2021.100100.

A. Surendran and S. Seshadri, "Performance investigation of two stage Organic Rankine Cycle (ORC)
architectures using induction turbine layouts in dual source waste heat recovery," Energy Conversion and
Management: X, vol. 6, no. August 2019, p. 100029, 2020, doi: 10.1016/j.ecmx.2020.100029.

M. Yari, A. S. Mehr, V. Zare, S. M. S. Mahmoudi, and M. A. Rosen, "Exergoeconomic comparison of TLC
(trilateral Rankine cycle), ORC (organic Rankine cycle) and Kalina cycle using a low grade heat source,"
Energy, vol. 83, pp. 712-722, 2015, doi: 10.1016/j.energy.2015.02.080.

H. A. Ajimotokan and I. Sher, "Thermodynamic performance simulation and design optimisation of trilateral-
cycle engines for waste heat recovery-to-power generation," Appl Energy, vol. 154, pp. 26-34, 2015, doi:
10.1016/j.apenergy.2015.04.095.

J. Fischer, "Comparison of trilateral cycles and organic Rankine cycles," Energy, vol. 36, no. 10, pp. 6208—
6219, 2011, doi: 10.1016/j.energy.2011.07.041.

M. Read, N. Stosic, and I. K. Smith, "Optimisation of Screw Expanders for Power Recovery From Low-Grade
Heat Sources," Energy Technology & Policy, vol. 1, no. 1, pp. 131-142, 2014, doi:
10.1080/23317000.2014.969454.

G. Bianchi, S. Kennedy, O. Zaher, S. A. Tassou, J. Miller, and H. Jouhara, "Two-phase chamber modeling of
a twin-screw expander for Trilateral Flash Cycle applications," Energy Procedia, vol. 129, pp. 347-354,2017,
doi: 10.1016/j.egypro.2017.09.208.

T. L. Saaty and L. G. Vargas, Decision Making With the Analytic Process Network Process, vol. 95. 1996.

E. Atmaca and H. B. Basar, "Evaluation of power plants in Turkey using Analytic Network Process (ANP),"
Energy, vol. 44, no. 1, pp. 555-563, 2012, doi: 10.1016/j.energy.2012.05.046.

J. Ooi, M. A. B. Promentilla, R. R. Tan, D. K. S. Ng, and N. G. Chemmangattuvalappil, "A systematic
methodology for multi-objective molecular design via Analytic Hierarchy Process," Process Safety and
Environmental Protection, vol. 111, pp. 663—-677, 2017, doi: 10.1016/j.psep.2017.08.039.

E. W. Stein, "A comprehensive multicriteria model to rank electric energy production technologies,"
Renewable and Sustainable Energy Reviews, vol. 22, pp. 640-654, 2013, doi: 10.1016/j.rser.2013.02.001.

H. Veisi, R. Deihimfard, A. Shahmohammadi, and Y. Hydarzadeh, "Application of the analytic hierarchy
process ( AHP ) in a multicriteria selection of agricultural irrigation systems," Agric Water Manag, vol. 267,
no. March, p. 107619, 2022, doi: 10.1016/j.agwat.2022.107619.

T. L. Saaty, "The analytic hierarchy process: A new approach to deal with fuzziness in architecture," Archit
Sci Rev, vol. 25, no. 3, pp. 64—69, Sep. 1982, doi: 10.1080/00038628.1982.9696499.

A.O. A, G.R A and O. E. T, "A Designed Paradigm for Contestant Quality Evaluation using Analytic
Hierarchy Process," INTERNATIONAL JOURNAL OF SCIENTIFIC & TECHNOLOGY RESEARCH, vol. 3,
no. 5, 2014, [Online]. Available: www.ijstr.org



[47]

(48]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

A. Soltani, K. Hewage, B. Reza, and R. Sadiq, "Multiple stakeholders in multicriteria decision-making in the
context of municipal solid waste management: A review," Waste Management, vol. 35. Elsevier Ltd, pp. 318-
328, Jan. 01, 2015. doi: 10.1016/j.wasman.2014.09.010.

S. Wang, C. Liu, S. Zhang, Q. Li, and E. Huo, "Multi-objective optimisation and fluid selection of organic
Rankine cycle (ORC) system based on economic-environmental-sustainable analysis," Energy Convers
Manag, vol. 254, Feb. 2022, doi: 10.1016/j.enconman.2022.115238.

C. Zhang, C. Liu, and Q. Li, "Multi-factor evaluation method for the assessment of trans-critical organic
Rankine cycle with low GWP fluids," in Energy Procedia, Elsevier Ltd, 2019, pp. 1626-1631. doi:
10.1016/j.egypro.2019.01.380.

C. Zhang, C. Liu, X. Xu, Q. Li, and S. Wang, "Energetic, exergetic, economic and environmental (4E) analysis
and multi-factor evaluation method of low GWP fluids in trans-critical organic Rankine cycles," Energy, vol.
168, pp. 332-345, Feb. 2019, doi: 10.1016/j.energy.2018.11.104.

J. J. Fierro et al., "Exergo-economic comparison of waste heat recovery cycles for a cement industry case
study," Energy Conversion and Management: X, vol. 13, Jan. 2022, doi: 10.1016/j.ecmx.2022.100180.

A. Schuster, S. Karellas, and R. Aumann, "Efficiency optimisation potential in supercritical Organic Rankine
Cycles," Energy, vol. 35, no. 2, pp. 1033-1039, 2010, doi: 10.1016/j.energy.2009.06.019.

S. Mohan, P. Dinesha, and P. Elia, "ANN-PSO aided selection of hydrocarbons as working fluid for low-
temperature organic Rankine cycle and thermodynamic evaluation of optimal working fluid," Energy, vol.
259, no. August, p. 124968, 2022, doi: 10.1016/j.energy.2022.124968.

M. Bahrami, F. Pourfayaz, and A. Kasaeian, "Low global warming potential (GWP) working fluids (WFs) for
Organic Rankine Cycle (ORC) applications," Energy Reports, vol. 8. Elsevier Ltd, pp. 2976-2988, Nov. 01,
2022. doi: 10.1016/j.egyr.2022.01.222.

G. Shu, X. Li, H. Tian, X. Liang, H. Wei, and X. Wang, "Alkanes as working fluids for high-temperature
exhaust heat recovery of diesel engine using organic Rankine cycle," Appl Energy, vol. 119, pp. 204-217,
2014, doi: 10.1016/j.apenergy.2013.12.056.

V. L. Le, M. Feidt, A. Kheiri, and S. Pelloux-prayer, "Performance optimisation of low-temperature power
generation by supercritical ORCs ( organic Rankine cycles ) using low GWP ( global warming potential )
working fl uids," Energy, vol. 67, pp. 513-526, 2014, doi: 10.1016/j.energy.2013.12.027.

J. Xuand C. Yu, "Critical temperature criterion for selection of working fluids for subcritical pressure Organic
Rankine cycles," Energy, vol. 74, no. C, pp. 719-733, 2014, doi: 10.1016/j.energy.2014.07.038.

N. Chang and G. Chen, "Working fluids selection from perspectives fluids selection Symposium of heat source
and expander for a Trilateral cycle Assessing the feasibility of using the heat demand-outdoor Anda Song
forecast Jialing for temperature function a long-term district," Energy Procedia, vol. 158, pp. 1579-1584,
2019, doi: 10.1016/j.egypro.2019.01.369.

M. T. White, M. G. Read, and A. I. Sayma, "Using a cubic equation of state to identify optimal working fluids
for an ORC operating with two-phase expansion using a twin-screw expander," [7th International
Refrigeration and Air Conditioning Conference, p. 2172, 2018.

J. Xuand C. Yu, "Critical temperature criterion for selection of working fluids for subcritical pressure Organic
Rankine cycles," Energy, vol. 74, no. C, pp. 719-733, 2014, doi: 10.1016/j.energy.2014.07.038.

E. M. G. ANGELINO, C. INVERNIZZI, "Organic Working Fluid Optimization for Space Power Cycles,"
Aerospace Propulsion, pp. 297-326, 1991.



[62]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

L. M. T. van Kleef, O. A. Oyewunmi, and C. N. Markides, "Multi-objective thermo-economic optimisation
of organic Rankine cycle (ORC) power systems in waste-heat recovery applications using computer-aided
molecular design techniques," App! Energy, vol. 251, no. October 2018, p. 112513, 2019, doi:
10.1016/j.apenergy.2019.01.071.

A. 1. Papadopoulos, M. Stijepovic, and P. Linke, "On the systematic design and selection of optimal working
fluids for Organic Rankine Cycles," App! Therm Eng, vol. 30, no. 6-7, pp. 760-769, 2010, doi:
10.1016/j.applthermaleng.2009.12.006.

S. Quoilin, V. Lemort, and J. Lebrun, "Experimental study and modeling of an Organic Rankine Cycle using
scroll expander," Appl Energy, vol. 87, no. 4, pp. 1260-1268, 2010, doi: 10.1016/j.apenergy.2009.06.026.

C. Zhang, C. Liu, S. Wang, X. Xu, and Q. Li, "Thermo-economic comparison of subcritical organic Rankine
cycle based on different heat exchanger con fi gurations," Energy, vol. 123, pp. 728-741, 2017, doi:
10.1016/j.energy.2017.01.132.

E. Cayer, N. Galanis, and H. Nesreddine, "Parametric study and optimisation of a transcritical power cycle
using a low temperature source," Appl Energy, vol. 87, no. 4, pp. 1349-1357, 2010, doi:
10.1016/j.apenergy.2009.08.031.

Z. Q. Wang, N. J. Zhou, J. Guo, and X. Y. Wang, "Fluid selection and parametric optimisation of organic
Rankine cycle using low temperature waste heat," Energy, vol. 40, no. 1, pp. 107-115, 2012, doi:
10.1016/j.energy.2012.02.022.

T. Guo, H. X. Wang, and S. J. Zhang, "Fluids and parameters optimisation for a novel cogeneration system
driven by low-temperature geothermal sources," Energy, vol. 36, no. 5, pp. 2639-2649, 2011, doi:
10.1016/j.energy.2011.02.005.

Z. Shengjun, W. Huaixin, and G. Tao, "Performance comparison and parametric optimisation of subcritical
Organic Rankine Cycle ( ORC ) and transcritical power cycle system for low-temperature geothermal power
generation," Appl Energy, vol. 88, no. 8, pp. 2740-2754, 2011, doi: 10.1016/j.apenergy.2011.02.034.

R. Turton, R. C. Bailie, W. B. Whiting, J. A. Shaeiwitz, and D. Bhattacharyya, Analysis synthesis and design
of chemical processes, vol. 4. 2013.

M. Yari, A. S. Mehr, V. Zare, S. M. S. Mahmoudi, and M. A. Rosen, "Exergoeconomic comparison of TLC
(trilateral Rankine cycle), ORC (organic Rankine cycle) and Kalina cycle using a low grade heat source,”
Energy, vol. 83, pp. 712-722, 2015, doi: 10.1016/j.energy.2015.02.080.

G. Persico et al., "Uncertainty Quantification of an ORC turbine blade under a low quantile constrain," Energy
Procedia, vol. 129, pp. 1149-1155, 2017, doi: 10.1016/j.egypro.2017.09.244.

S. Wilailak et al., "Thermo-economic analysis of Phosphoric Acid Fuel-Cell (PAFC) integrated with Organic
Ranking Cycle (ORC)," Energy, vol. 220, p. 119744, 2021, doi: 10.1016/j.energy.2020.119744.

M. Yari, A. S. Mehr, V. Zare, S. M. S. Mahmoudi, and M. A. Rosen, "Exergoeconomic comparison of TLC
(trilateral Rankine cycle), ORC (organic Rankine cycle) and Kalina cycle using a low grade heat source,”
Energy, vol. 83, pp. 712-722, 2015, doi: 10.1016/j.energy.2015.02.080.

C. Zhang, C. Liu, X. Xu, Q. Li, and S. Wang, "Energetic , exergetic , economic and environmental ( 4E )
analysis and multi-factor evaluation method of low GWP fl uids in trans-critical organic Rankine cycles,"
Energy, vol. 168, pp. 332-345, 2019, doi: 10.1016/j.energy.2018.11.104.

M. Zoghi, H. Habibi, A. Chitsaz, M. Ayazpour, and P. Mojaver, "Thermo-economic assessment of a novel
trigeneration system based on coupling of organic Rankine cycle and absorption-compression cooling and



power system for waste heat recovery," Energy Convers Manag, vol. 196, pp. 567-580, Sep. 2019, doi:
10.1016/j.enconman.2019.06.030.

[77]  C. Tzivanidis, E. Bellos, and K. A. Antonopoulos, "Energetic and financial investigation of a stand-alone

solar-thermal Organic Rankine Cycle power plant," Energy Convers Manag, vol. 126, pp. 421-433, Oct. 2016,
doi: 10.1016/j.enconman.2016.08.033.



	Evaluation of Organic Rankine Cycle Alternatives for the Cement Industry using Analytic Hierarchy Process (AHP) Methodology and Energy-Economic-Environmental (3E) Analysis.
	Carlos A. Marenco-Portob, César Nieto-Londoñoa, Leonardo Loperaa, Ana Escudero-Atehortuaa, Mauricio Giraldoc and Hussam Jouharad,e
	a Escuela de Ingenierías, Universidad Pontificia Bolivariana, Medellín, Colombia
	b Universidad Santo Tomás, Villavicencio, Colombia
	c Cementos Argos, Medellín, Colombia
	d Heat Pipe and Thermal Management Research Group, College of Engineering, Design and Physical Sciences, Brunel University London, UK
	e Vytautas Magnus University, Studentu Str. 11, LT-53362 Akademija, Kaunas Distr., Lithuania
	Abstract.
	In the cement industry, where energy efficiency and CO2 reduction are crucial, Waste Heat Recovery (WHR) systems play a vital role. This study examines WHR systems' optimisation, evaluating three power cycle variants: simple ORC, RORC and TLC. Decision-making was guided by the Analytical Hierarchical Process (AHP), a multicriteria methodology that provides a systematic framework for evaluating multiple alternatives under different criteria. This study considered four criteria: the net present value, the investment cost, the CO2 emissions avoided and the net work produced. The relevance of each criterion was varied according to five scenarios, and the AHP methodology allowed a flexible weighting of these criteria based on their importance. Overall, the RORC outperformed the other alternatives regarding power generation, emission reductions, and net present value. However, the results depended on the operating conditions and the selected working fluid. The optimal choice varies depending on the priorities of the plant. For example, if minimising investment cost is prioritised, simple ORC might be preferred. This study highlights the importance of multicriteria evaluation and the use of decision-making tools such as the AHP to select the best alternative based on the specific needs of each plant. In this way, it provides valuable guidance for the implementation of WHR systems, underscoring the importance of considering the specific circumstances of the plant and the operating environment when selecting a waste heat recovery technology.
	Keywords: Multicriteria Decision Making (MADM), Analytical Hierarchy Process (AHP), Waste Heat Recovering, cement industry.
	1. Introduction.
	Carbon dioxide and global warming have forced the scientific and industrial community to develop more efficient and environmentally friendly transformation, transference, and heat-sourced energy appliances [1]. However, conventional processes, like fossil fuel combustion, generate carbon dioxide and other gaseous emissions, contributing to climate change. Therefore, one of the main requirements of any new system should be a net decrease in carbon dioxide emissions compared to existing ones to help decrease global warming [2]. Given the above, governments are proposing international policies to achieve rational and efficient energy usage. For example, the European Council is looking for a 40% reduction in greenhouse emissions (GHGs) by 2030. Also, it expects at least a 32% increase in renewable energy sources' participation in the energy market [3], [4].
	Waste heat is classified as high, medium, and low based on [5]–[7]. The heat source is regularly present in gaseous emissions from engines or industrial processes [8]. Therefore, any stream leaving the system above environmental temperature or pressure could be considered a residual heat stream [9]. In order to improve primary energy resource consumption and reduce carbon dioxide emissions, one of the more studied options is to increase the thermal efficiency of intensive-energy processes by using this waste energy in a secondary process. Some options include Waste Heat Recovery (WHR) using heat pipes[10][11], heat pumps[12], heat storage [13], [14] and power cycles as an alternative to improve energy conversion. The most known used cycle is the Organic Rankine Cycle (ORC). ORC is a technology that harvests residual heat from industrial processes and produces electric power. This solution can be used when the waste heat is in the temperature range between 150°C to 300°C [15][16]. An ORC can use an organic working fluid with a lower boiling point than water, operating at temperatures between 70 to 300 ºC. This is the ideal range of temperature to recover waste heat, as previously described, to generate electric power.
	The working fluid selection for an ORC is crucial because the cycle performance depends on the relationship between the heat source and the organic solvent used. This relationship mainly depends on the temperature range of the residual heat source [17]. Therefore, the working fluid should be environmentally friendly and thermally stable at high temperatures. Then, fluids like siloxanes, alkanes, and aromatics, are preferable for ORC because of their excellent thermophysical and environmental behaviour. In addition, they get better system performance in some high-temperature applications because these compounds can reach higher working temperatures than other solvents [18][19]. Several studies have been conducted to improve ORC performance using theoretical analyses [17],[20],[21],[22]. Some of them include supercritical pressures (ORC transcritical) [23], several evaporation stages [24], or a double expansion stage [25]. In addition, other ORC studies are focused on analysing the effect of intermediate recuperators [21],[26], vapour fraction extraction to preheat the working fluid (regenerative ORC) [27], two-phase expansion from the saturated liquid zone, called Trilateral Flash Cycle (TFC) [28]-[29], coupling ORC in cascade configuration [28]-[29] or zeotropic mixes used as the working fluid [30]. These alternatives are used to improve the performance of these kinds of cycles.
	1.1. Organic Rankine Cycle.
	ORC is a mature technology to recover waste heat between 150 - 300 °C [15]. This range of temperatures is typically found in several processes' emission streams. For example, emissions from Heavy-Duty Diesel (HDD)engines at 330–509 °C [31] or 317- 572 °C [32] have been studied before. In both cases, the gases coming from the HDD are coupled to an ORC to recover waste heat. In the research by Zhao et al., three different ORC setups are investigated: a simple ORC, a regenerative ORC and an ORC with an intermediate heat exchanger (RORC). The intermediate heat exchanger helps to improve the thermodynamic efficiency of the cycle. In addition, this component recovers part of the energy still available in the working fluid at the exit of the turbine outlet, which was going to be withdrawn in the condenser to reheat the fluid at the pump outlet. The RORC using IHE showed about 0.4 - 5 % and 2.53 – 8.78 % above net power compared to a regenerative ORC and a simple ORC, respectively [33]. 
	Laouid et al. [34] studied the ORC architecture using two heat sources at different temperatures (573–773 K and 353–393 K) to increase the system performance. The ORC configurations were Two-Stage in-series (STORC) and Two-Stage in-parallel (PTORC). They were compared with an ORC with preheating a single stage in subcritical conditions. The STORC presented a higher thermodynamic performance in the researched range of temperatures. In addition, it showed a power increase of 8.3% compared with the preheated ORC. Also, it had a heat exchanger size reduction of 27.9%. On the other hand, the PTORC showed a negative performance compared with the preheated ORC, with a power reduction of 0.3%.
	1.2. Trilateral Cycle.
	The Trilateral Cycle (TLC) technology requires much development and is not widely known. However, this cycle has become attractive in the last few years because it provides a better coupling in the evaporator temperature profiles than conventional heat recovery cycles. In this cycle, the working fluid at the inlet of the expander is in the saturated liquid phase, which implies an expansion in two phases. Therefore, the TLC is as simple as an ORC because the process components are equal. The only difference is the expander, which must be a positive displacement device, like a screw expander, because of the two-phase expansion [35]. Therefore, this cycle is like a modified ORC, where the organic fluid is heated to saturated liquid. Nevertheless, instead of expanding from saturated or superheated vapour, as in a conventional expansion, the expansion begins as a saturated liquid, generating two phases [36]. Some comparative studies concluded that TLC generates 50% more power than the conventional ORC working in the same conditions with a heat source of 100 °C. Moreover, TLC can generate power using a heat source under 80 °C; at this temperature level, ORC is not economically viable [29]. 
	This cycle presents a higher pumping demand and larger heat exchangers than traditional ORC, increasing initial capital and operational cost. However, this can be compensated by the higher net power obtained [37]. The main disadvantage of TLC is the complex expander required to manage the additional two-phase flow. This restricts the inclusion of a turbo-expander because of the damage the liquid drops generate in the rotor blades [38]. To avoid those drawbacks, a two-screw expander can be used; this type of expander consists of helicoidal rotors with a 50 μm clearance. Also, it has medium friction, leakage losses and medium noise compared to a conventional ORC expander. Also, this expander is the technology that can manage high working flows. Additionally, since it operates at high rotational speeds, it does not negatively affect its efficiency. Because of these factors, it is appropriate for use in TLC [39].
	1.3. Analytic Hierarchy Process
	The Analytic Hierarchy Process (AHP) minimises common drawbacks of the decision-making process, like lack of focus, planning, contribution or property, which with time, are expensive interruptions that hinder the process of arriving at the right choice. AHP is one of the most used methods for multiple-parameter decision-making. This one can evaluate different alternatives. Generally, AHP is a non-linear framework for conducting deductive and inductive thinking without using syllogism. This is possible because several factors can be simultaneously considered, setting them in a hierarchy that allows dependence and making numerical compensation to arrive at a synthesis or conclusion [40] [41]. The AHP is based on the theory of relative measurement that can be used to solve complex multiple-criteria decision-making problems. AHP proposes a methodology handy for this effect because it is based on the principle that the shareholders' experience and knowledge are as necessary as the data used by the process. In other words, it provides a procedure to obtain a prioritisation and ponderation scale based on the judgement of the decision makers [42]. AHP's objective is to plan a complex problem in a hierarchical structure. Then, the decision alternatives are found at the bottom of the hierarchy, while the goal is at the top [43].
	The application of this method requires four fundamental steps, as shown in Table 1. First, a complex problem must be separated into a hierarchy; each level has some controllable elements, and each element is divided into another set of features. The hierarchical structure is shown in Figure 1 for the case of this work. However, there is no single overall hierarchical structure, and flexibility is one of the main characteristics that AHP provides to decision-makers [44].  In the annexes section, the algorithms and the pseudocode used to evaluate the criteria, the creation of the analysis scenarios and the multicriteria decision have been detailed.
	Table 1: Path for AHP application [43].
	Figure 1: Hierarchical structure of AHP intake for this study.
	Then, the priority of the elements within each layer of the hierarchy is established, and a measurement methodology is applied that evaluates each set of parts in the form of pairs. Therefore, the framework for data collection and AHP analysis is achieved. Finally, t pairwise comparison uses a nine-point scale called the Saaty scale [41], shown in Table 2.
	Table 2: Saaty fundamental scale for comparative judgments [45].
	In the annexes section, the algorithms and the pseudocode used in this work to evaluate the criteria, the creation of the analysis scenarios and the multicriteria decision have been detailed. The one proposed by Alade et al. in [46] was used.
	1.3.1. Analytical Hierarchy Process in the selection of Rankine Organic Cycles.
	The Analytic Hierarchy Process (AHP) is a valuable tool for selecting residual heat recovery systems, as it allows for considering different criteria simultaneously and establishes a hierarchy of importance among them. One of the main benefits of AHP is that it allows for the consideration of both quantitative and qualitative criteria [47]. For example, criteria such as generated power and investment cost can be considered alongside qualitative criteria such as component availability and ease of maintenance.  In [48], the authors focus their research on using multi-objective optimisation techniques to select working fluids and design subcritical ORC systems in the geothermal field that optimise energy efficiency, economic performance and environmental impact. This work includes factors such as the cost of the working fluids, the efficiency of the cycle, the environmental impact, and the availability of the fluids. They use the AHP methodology to find solutions that simultaneously satisfy these objectives. This implies finding a fluid with a high cycle performance, a low environmental impact and a reasonable cost. 
	In [49], the authors present an AHP methodology to evaluate and compare different ORC component options (working fluid, turbine, generator and condenser) based on various criteria such as energy efficiency, investment cost and environmental impact. The authors also use the "Technique for Order Preference by Similarity to Ideal Solution" (TOPSIS) to rank the component options based on the AHP results. The study results show that the AHP-TOPSIS approach is a valuable tool for selecting components of an Organic Rankine Cycle, as it considers multiple criteria and allows for the integration of subjective factors. The authors note that this methodology could be applied to other power generation systems and equipment selection problems. 
	Similarly, the authors in [50] present an approach to evaluate subcritical Organic Rankine Cycle systems that use low GWP (Global Warming Potential) fluids through an analysis that combines energy, exergetic, economic, and environmental variables. It uses the Analytic Hierarchy Process to establish a hierarchy of evaluation criteria, which includes efficiency, cost, safety and environmental impact. The authors found that R1234ze was the best working fluid regarding performance, safety, and cost. However, R1233zd has the lowest environmental impact in terms of GWP.
	This work continues a preliminary study that evaluated a residual heat source of combustion gases from a rotary kiln for a cement plant with a capacity of 5000 tonnes per day [21][22]. These gases come out at an average temperature of 327 °C and are loaded with particulate material that must be eliminated before being discharged into the environment. This material is removed in a baghouse operating at 180°C to prevent thermal deterioration. Therefore, water injection is used to cool the gases in a pre-conditioning tower, where a loss of useful power in the form of heat of approximately 32 MW is observed.
	In the present work, a simulation approach is used to evaluate the performance and waste heat recovery potential of three variants of power cycles: simple ORC, ORC with an intermediate heat exchanger (RORC) and trilateral cycle (TLC), using the above-mentioned flue gases from the kiln as a heat source. The exhaust gas outlet temperature varies between 150 and 180 °C in the simulations. In addition, the temperature difference at the evaporator pinch point is varied between 10 and 20 °C. Also, seven working fluids are evaluated for each technology, resulting in 168 configurations or alternatives. Finally, the multicriteria decision-making methodology called the Hierarchical Analytical Process (AHP) is used to find the option that best suits the needs of the plant according to four selection criteria: (1) net present value, (2) the total cost of capital, (3) net power output, and (4) CO2 emissions avoided.
	Five scenarios were considered: the first assumes the company has limited investment resources. Therefore, it is decided to prioritise minimising the investment cost over the other criteria. In the second scenario, the condition in which the company has sufficient availability of money to invest is studied, so the net present value is prioritised over the other criteria. The third scenario is associated with a situation in which a company has a high electrical demand, and the only way it can generate energy is through one of these alternatives. Therefore, the net power output is prioritised over the other criteria in this case. The fourth scenario includes a company forced to reduce its carbon footprint; therefore, the value in saved emissions is prioritised. Finally, a last application of the methodology was carried out in a fifth scenario, considering a hypothetical case in which economic indicators are given importance simultaneously over other factors, which eventually could be the best-case scenario for the company's interests. This study was developed with the objective that decision-makers can objectively and well-founded evaluate and select the best alternative for ORC-type waste heat recovery systems, considering relevant criteria and weighing their relative importance under any scenario.
	2. Materials and Methods.
	This section describes the evaluated power cycles (ORC, TLC and RORC), the thermodynamic models used for each component in terms of exergoeconomic analysis, the selection of the working fluids used for each power cycle, and the corresponding validations of the models used.
	2.1.  Organic Rankine cycle and trilateral cycle.
	Schematically, the simple ORC and TLC cycles are identical; as shown in Figure 2 (a), these cycles have four main components: pump, expander, evaporator and condenser. Conversely, the ORC with a recuperator has an additional heat exchanger located after the turbine to recover part of the heat before the working fluid reaches the condenser, as shown in Figure 2 (b). However, the main difference is that in the TLC, the working fluid expands from the saturated liquid state, generating two phases during the expansion process [36]. Figure 3 shows a T-s diagram for the TLC, simple ORC, and RORC cycles, where the working fluid follows the process in each power cycle. For all cases, the expansion and pumping processes were considered isentropic, and the pressure losses in the heat exchangers were not considered. In addition, some parameters are fixed to carry out the comparison of the cycles:
	1. The entry temperature of the heat source will remain constant at 327 °C.
	2. The condenser (COND) operates with cooling water, entering at ambient temperature.
	3. The working fluid outlet temperature from the condenser is held at 60 °C.
	4. All pressure drops in the cycle occur in the expander.
	5. The expansion and pumping processes are considered isentropic.
	Figure 2: Simple ORC and TLC configuration (a), ORC configuration with recuperator (b) [51].
	 /
	Figure 3: T-s diagrams for ORC and TLC (a) and ORC with intermediate recuperator (b) [51].
	2.2. Working fluid selection for ORC and RORC.
	Selecting the working fluid must consider the impact of factors such as the possibility of wet expansion and environmental factors (e.g., ODP (Ozone Depletion Potential)) on the turbine power performance. The ODP refers to the amount of stratospheric ozone destruction caused by a substance. It is evaluated as the ratio of the impact on ozone caused by a given substance to the effect caused by a similar mass of trichlorofluoromethane (CFC-11; the CFC-11 ODP is defined as 1. Another factor to consider is Global Warming Potential (GWP). The GWP is a relative measure of how much heat can be trapped by a greenhouse gas compared to a reference gas, usually carbon dioxide. For example, the emission of one million tons of a gas with a GWP of 30 is equivalent to emitting 30 million tons of CO2 equivalent. In addition, although the overheating of the working fluid was not considered in this study, it must be ensured that the steam fraction at the turbine outlet is more significant than 0.9 [52]. That avoids droplet formation that eventually can generate erosion in the turbine; only dry or isentropic fluids were considered to ensure this. Due to the irreversibilities associated with the process, the entropy in the expansion process increases, as seen in Figure 4. Therefore, if the fluid is dry or isentropic, after expansion, the fluid will be in the superheat region at the condenser pressure. However, if the fluid is wet, there is a risk of operating the expander with a quality of less than 1, and there is a need to superheat the working fluid so that when it expands, it is still in the superheated vapour zone. This additional superheat process will require a larger evaporator and, therefore, a higher cost [53].
	/
	Figure 4: T-s diagram for dry fluid (blue), isentropic fluid (red), and wet fluid (black) [53].
	Table 3 shows the thermodynamic characteristics of the working fluids used to evaluate the ORCs' performance. These fluids present boiling points close to ambient and allow for condensation near atmospheric pressure. For the ORC, most of the selected fluids are alkanes, as these are environmentally friendly working fluids with zero ODP and relatively low GWP values [54]. In addition, alkanes have been widely used in the ORC process, showing that they can perform better than other types of fluids [55], [56].
	Table 3: Working fluids for ORC and ORC with a recuperator [57].
	2.3. Working fluid selection for TLC.
	Regarding the working fluids for trilateral cycles, it has been shown that better performance can be achieved when the critical temperature of the working fluid is close to (but not lower than) the temperature of the working fluid after the evaporator [58] [59]. Table 4 shows the characteristics for evaluating the TLC performance of the seven working fluids selected among the 57 reported by [60], prioritising the critical temperature as a fluid selection criterion (between 170 and 200 °C).
	Table 4: Working fluid for TLC [60].
	2.4. Thermodynamic model
	The thermodynamic modelling of the power cycles shown in Figure 2 is based on the straightforward application of mass, energy and exergy balances, as listed in Table 5. For instance, eq (1) presents the exergy evaluation for any stream in the cycle as: 
	𝑋𝑖=𝑚𝑓ℎ𝑖−ℎ0−𝑇0𝑠𝑖−𝑠0  
	(1) 
	In addition, the equations in the first-law column account for the heat that enters the cycle in the evaporator, eq. (2); the heat that leaves the cycle in the condenser, eq. (4); the work delivered by the expander, considering its mechanical and isentropic efficiencies, eq. (6); the work required by the pump according to its isentropic efficiency, eq. (8). Conversely, equations for the exergy destroyed by the cycle component are eq. (3) evaporator, eq. (5) condenser, eq. (7) expander, and eq. (9) pump. Finally, if considered, the intermediate heat exchanger's calculated heat transfer appears in eq. (10) and the corresponding exergy destroyed in eq. (11). Energy losses due to pressure drops in the elements were not considered.
	Table 5: Energy and exergy balance equations [53].
	Component
	1 st-law equations
	2 st-law equations
	Evaporator
	𝑄𝑖𝑛=𝑚ℎ𝑠(ℎℎ𝑠,𝑖𝑛−ℎℎ𝑠, 𝑜𝑢𝑡)
	(2)
	𝐼𝑒𝑣𝑎𝑝=(𝑋ℎ𝑠,𝑖𝑛−𝑋ℎ𝑠,𝑜𝑢𝑡)−𝑋3−𝑋2
	(3)
	Condenser
	𝑄𝑜𝑢𝑡=𝑚𝑐𝑤(ℎ𝑐𝑤,𝑜𝑢𝑡−ℎ𝑐𝑤,  𝑖𝑛)
	(4)
	𝐼𝑐𝑜𝑛𝑑=𝑋4−𝑋1−(𝑋𝑐𝑤,𝑜𝑢𝑡−𝑋𝑐𝑤,𝑖𝑛)
	(5)
	Expander
	𝑊𝑒𝑥𝑝=𝑚𝑤𝑓(ℎ3−ℎ4)𝑛𝑖𝑠,𝑒𝑥𝑝𝑛𝑚𝑒𝑐ℎ,𝑒𝑥𝑝
	(6)
	𝐼𝑒𝑥𝑝=𝑋1−𝑋2+𝑊𝑝𝑢𝑚𝑝
	(7)
	Pump
	𝑊𝑝𝑢𝑚𝑝=𝑚𝑤𝑓ℎ2−ℎ1𝑛𝑚𝑒𝑐ℎ, 𝑝𝑢𝑚𝑝𝑛𝑖𝑠,𝑝𝑢𝑚𝑝
	(8)
	𝐼𝑝𝑢𝑚𝑝=𝑋3−𝑋4−𝑊𝑒𝑥𝑝
	(9)
	IHE
	𝑄𝐼𝐻𝐸=𝑚𝑤𝑓(ℎ4.2−ℎ4.1)
	(10)
	𝐼𝐼𝐻𝐸=𝑋4.2−𝑋4.1−(𝑋2.1−𝑋2.2)
	(11)
	2.5. Performance indicators.
	Performance indicators are calculated with the equations reported in Table 6 to determine each evaluated alternative's performance. This table corresponds to the models that describe the most used performance indicators. 
	Table 6: Performance indicators models.
	In that order, these equations are included to consider the following aspects:
	 The cycle's net power includes the work of the expander and the pumps, included in eq (12).
	 The CO2 emissions that are no longer emitted due to the self-generation of electricity are calculated with eq (13). 
	 The total cost corresponds to the sum of each element's costs; this considers installation, operation and maintenance costs as depicted in eq (14).
	 The net present value of the cash flows (income - expenses) originating from the investment is evaluated as expressed in eq (15).
	 First law efficiency depends on the plant's net power and the heat input to the cycle, see eq. (16).
	 As presented in eq (17), exergy efficiency is calculated regarding the available exergy (delivered net power) and the exergy input to the cycle.
	 The volumetric flow ratio, eq. (18) gives a measurement of the working fluid volume change in the expander; thus, if this exceeds the value of 50, several stages of expansion must be considered [61]. Naturally, then, the lower the VFR, the better.
	 Specific investment cost (SIC) expressed in eq. (19) is a standard indicator for preliminary economic assessments of power cycles. This metric represents the system's total capital cost (TCC) per rated kW of generated power [62]. 
	2.6. Cost model.
	The total capital cost of an ORC system is primarily determined by the cost of each major component (evaporator, condenser, turbine, and pumps). The heat exchangers (evaporator and condenser) contribute the most to the total investment cost [63]. In this case, the material used for the heat exchangers is carbon steel, and their configuration is shell and tube. The heat transfer model used for sizing the heat exchangers was the logarithmic mean temperature method; the resistance due to fouling in the heat transfer process is ignored. 
	In the case of the evaporator, this was divided into two processes (heating and evaporation). In the case of the condenser, it was also divided into two processes (condensation and cooling) [64],[65]. It is worth mentioning that the working fluid's effect on the investment's total cost is small [66],[67]. Therefore, the cost of the working fluid is not considered in this work. Instead, the current method of the total capital cost used adopts the correlations found in [68],[69]. In this way, the capital cost of the heat exchangers, turbine, generator and pumps is determined by the equations shown in Table 7 [69]. The coefficients 𝑲𝟏, 𝑲𝟐, 𝑲𝟑, 𝑩𝟏, 𝑩𝟐, 𝑪𝟏, 𝑪𝟐, 𝑪𝟑, 𝑭𝒎 and 𝑭𝒑 are coefficients that adjust the cost for the different equipment used in the power cycle configuration. These have to do with the type of element used, the element's size, the material of construction, and the operating pressure [70]. These coefficients are depicted in Table 8.
	Table 7: Economic model for the components of ORC cycles [69].
	Table 8: Equipment cost constants [69].
	2.7. Parameters and boundary conditionsTable 9
	Table 9: Parameters and boundary conditions
	3. Results.
	This section presents the validations of the models used to analyse the impact on the ORC and TLC configurations' first and second law performance. Then, after the validation process, this section includes a 3E evaluation (Economic, Energetic and Environmental) of each of the alternatives. The economic indicators are the investment cost and the net present value (𝐶𝑡𝑜𝑡, 𝑁𝑃𝑉), and the economic indicator is the net power (𝑊𝑛𝑒𝑡) and the environmental indicator is the emissions saved (𝐸𝑚). Finally, the AHP methodology is applied to the case study to account for the solutions or solutions that best fit the making-decision parameters defined for this end.
	3.1. Validations.
	This section presents the validations of the mathematical models used in this work to guarantee the results obtained when using the CoolProps® thermodynamic properties library. The first validation uses the Peng-Robinson model [71], which is used to model pure organic fluids. Then a second validation is performed regarding the cost model shown in Table 7. That model calculates each component's cost on all power cycles and costs associated with operation and maintenance.
	3.1.1. Thermodynamic model validation.
	Regarding the modelling of power cycles, the Peng Robinson model is the most used in the literature and the one that presents the best results when working with pure organic fluids [71], [72], [73]. Therefore, in this work, the Peng-Robinson model was chosen to evaluate the thermodynamic states of the cycles. The Peng-Robinson model validation was previously performed using the CoolProps® library in the Python computational tool. Table 10 shows the parameters and results of the model validation using the data reported by [74]. In the latter, the authors studied the performance of a TLC and compared it with an ORC and a Kalina cycle from a thermo-economic point of view. The authors consider a low-grade heat source with a temperature of 120 °C for all three systems. In addition, they carry out parametric studies of the systems for different working fluids in the ORC and TLC. In this case, a TLC with n-Butane and an ORC that works with R1234yf was chosen as a reference for validating the actual model. The objective parameter used for the validation was the thermal efficiency of the cycle and not the net power since the value of the mass flow of the working fluid in the said work is not reported. In this sense, in the case of the TLC, a relative error of 2.77% in thermal efficiency was obtained; in the case of ORC, the relative error was 1.12%. This indicates an excellent performance of the model when replicating results.
	Table 10: Validation of the Peng Robinson model.
	3.1.2. Cost model validation
	A model implemented in the Python computational tool estimates the cost associated with each cycle component (Evaporator, condenser, turbine, pumps, generator). Before using the model for this work to evaluate all configurations mentioned above, it was validated with the data reported by other peers. For example, in [75], the authors model an ORC using R32 as the working fluid and calculate the cost of each component using equations (20) to (27). Table 11 shows the cost adjustment coefficients associated with the type of element used, the element's size, the construction material and the operating pressure. Table 12 shows the cost model's conditions and input data; finally, Table 13 shows the validation result. It is possible to observe from the results that errors of 4.1%, 3.6%, -0.3%, and 0.3% were obtained for the evaporator, condenser, pump and turbine, respectively. This indicates a good fit of the model to calculate the cost of the elements of the cycle.
	Table 11: Adjustment constants of the cost model [75].
	Table 12: ORC operating conditions with R32 for validation [75].
	Table 13: Cost model validation results.
	3.2. Thermodynamic analysis.
	Figure 5 shows the four selection criteria analysed in this study for each of the alternatives, being a) the Net Present Value, b) the emissions saved, c) the total investment cost, and d) the net power output. For instance, it is desired to maximise the net present value, the emissions saved and the net power output, and on the other hand, to minimise the investment cost. Though, when the maximisation and minimisation criteria are applied separately, different results are obtained, as shown in Table 14. However, knowing the optimum for each criterion is not enough to decide. To make the right decision, it is necessary to integrate all the strict measures to optimise these four criteria simultaneously. Even more so, when the selection criteria do not have the same level of importance for the company, the AHP multicriteria decision-making methodology becomes essential. 
	//
	The VFR parameter represents the compressibility effect through the expansion process, corresponding to a ratio between the volumetric flow at the inlet and outlet of the turbine; VFR values higher than 50 require carrying out the expansion in two stages due to the losses related to the existence of high Mach numbers. Therefore, all those alternatives with a turbine with a Volumetric Flow Ratio (VFR) greater than 50 are discarded before implementing the AHP methodology [61]. Additionally, for reaction turbines, there is a negative influence of the wide variations of the flow area across the rotor blades. Therefore, since the ORC cycles modelled in this work have a single expander, this VFR relationship is used to discard configurations that exceeded this limit before applying the AHP methodology to reduce the resulting arrays' size as much as possible. For example, Figure 6 shows the VFR graph for ORC and RORC configurations (numbers 1 - 112). It can be seen that these technologies do not exceed the VFR limit. However, in the case of the TLC (configurations 113 to 168), the R365mfc has a VFR greater than that limit, Figure 7. Therefore, arrangements with this working fluid were not considered for applying AHP.
	Table 14: Best alternative for each selection criteria.
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	Figure 6: VFR graph by ORC and RORC.
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	Figure 7: VFR graph by TLC
	3.3. CO2 emissions saved.
	The CO2 emissions obtained from equation (15) are reported in Figure 8 in tonnes per year that could be saved if the electricity generated with this alternative was no longer purchased from the national electricity grid. The option that presents the most significant savings in 𝐶𝑂2 emissions is number 93 (Figure 8 (b)). That one corresponds to a RORC cycle that works with cyclohexane and recovers waste heat from a gas outlet temperature 𝑇ℎ𝑠 𝑜𝑢𝑡 at 170 °C. In the case of the simple ORC, the best alternative is number 5 (Figure 8(a)), which works with cyclopentane and 𝑇ℎ𝑠 𝑜𝑢𝑡 of 170 °C. Finally, in the case of the TLC, the best alternative is number 159 (Figure 8) (c), operating with heptane and 𝑇ℎ𝑠 𝑜𝑢𝑡 of 180 °C. In all three cases, the cycles operate with pinch point temperature 𝑇𝑝𝑝 = 10°C.
	/
	Figure 8: CO2 emissions saved
	3.4. Application of the Analytical Hierarchy Process (AHP).
	The analytical hierarchy method was applied considering four decision criteria (1) total investment cost, (2) net present value, (3) net energy generated and (4) CO2 emissions avoided, including five scenarios, assuming first that the company has an economic restriction to invest. Therefore, it was decided to prioritize the minimization of the investment cost over the rest of the criteria. In the second scenario, the condition in which the company has sufficient availability of money to invest is studied, so the net present value is prioritised over the other criteria. The third scenario is associated with a situation in which a company has a high electrical demand, and the only way it can generate energy is through one of these alternatives. Therefore, the net power output is prioritised over the other criteria in this case. The fourth scenario includes a company forced to reduce its carbon footprint; therefore, the value in saved emissions is prioritised. Finally, a last application of the methodology was carried out in a fifth scenario, considering a hypothetical case in which economic indicators are given importance simultaneously over other factors, which eventually could be the best-case scenario for the company's interests.
	3.4.1. Scenario 1: Prioritising the total investment cost.
	Table 15 shows the matrix of judgments prioritising the total investment cost when the company has a capital restriction to invest in a waste heat recovery technology. It is observed that the investment cost presents a 55.2% importance over the other criteria to prioritise this criterion over the others.
	Table 15: Matrix of judgments prioritising investment cost.
	The results of applying the AHP methodology, prioritising the investment cost over the other criteria, are presented in Table 16. In total, 160 alternatives were evaluated (The complete table can be found in the annexes section). However, due to the high number of data and information to report, only the three best options for each technology are shown. The first column shows the position or prioritisation given to the alternative after applying the AHP methodology, with alternative number 1 being the one that obtained the best performance and alternative 160 the one that got the worst. The best alternative is case number 39 (i.e., ORC with cyclohexane, a gas outlet temperature of 180 °C, and a pinch point of 10 °C). This has a total investment cost of 5.9 MUSD, a net power output of 3,646 kW, a net present value of 33.3 MUSD and a specific investment cost of 1,629.9 USD/kW. As for the RORCs, their best option is number 95, occupying the second position. This option works with cyclohexane with 𝑇ℎ𝑠 𝑜𝑢𝑡=180 °𝐶 and 𝑇𝑝𝑝=10 °𝐶, it has a higher net power output than the simple ORC (4,153 kW), a higher net present value (38.4 MUSD), a total cost investment of 6.4 MUSD and a specific investment cost of 1,543 USD/kW. Finally, the best TLC is ranked 71st. This alternative works with isopentane with 𝑇ℎ𝑠 𝑜𝑢𝑡=180 °𝐶 and 𝑇𝑝𝑝=20 °𝐶. This presents an investment cost of 6.6 MUSD and a net present value much lower than the other variants (12.2 MUSD). On the other hand, it had a lower net power output, with 1,812 kW and a specific investment cost of more than double compared to the best alternatives of each variant 3,636 USD/kW.
	Table 16: Best three alternatives for each technology according to prioritisation of total investment cost.
	3.4.2. Scenario 2: Prioritising net present value.
	Table 17 shows the judgment matrix prioritising the net present value in a scenario where the company has limited capital to invest in a waste heat recovery technology. It is observed that the net present value obtained 54.4% of importance over the other criteria. Table 18 shows the results of applying the AHP methodology, prioritising the net present value over the other criteria. For this case, the best alternative is number 95 (RORC with cyclohexane with a gas outlet temperature of 180 °C and a pinch point of 10 °C). This has a net present value of 38.4 MUSD, a total investment cost of 6.4 MUSD, a net power output of 4,154 kW and a specific investment cost of 15,423 USD/kW. As for the ORC, the best option is number 39, occupying the ninth place. It works with cyclohexane with 𝑻𝒉𝒔 𝒐𝒖𝒕=𝟏𝟖𝟎 °𝑪 and 𝑻𝒑𝒑=𝟏𝟎 °𝑪, and has a net present value of 33.3 MUSD, a total investment cost of 5.9 MUSD, a net power output of 3,646 kW, and a cost-specific investment of 1,630 USD/kW. 
	Table 17: Matrix of judgments prioritising net present value.
	Finally, the best TLC is ranked 111th. It works with isopentane with 𝑻𝒉𝒔 𝒐𝒖𝒕=𝟏𝟖𝟎 °𝑪 and 𝑻𝒑𝒑=𝟐𝟎 °𝑪, with a much lower net present value than the best option of the other variants (12.2 MUSD), an investment cost of 6.6 MUSD. This one also has a lower net power output, with 1,812 kW and a specific investment cost of more than double when compared to the best alternatives of each variant, 3,637 USD/kW. Previous results agree with what was found in the literature: TLC is not implemented in most cases because it still is a costly technology due to the need for much larger heat exchangers and higher pumping power [37]. For the best options for ORC and RORC, pumping powers of 64.2 and 72.9 kW, respectively, are required. However, in the case of the alternatives operating with TLC, 385 kW is required. Therefore, the TLC value is five times higher than both cases, increasing the investment cost. The positive cash flows are lower, implying a low net present value since it produces slightly less than half the net power output of the best ORC and RORC options.
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