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ARTICLE INFO ABSTRACT

Keywords: Developing systematic approaches for the identification of optimal WHR options in industrial applications is key to
Absorption chillers reducing plant-scale energy demands. In particular, electricity consumption accounts for more than half of in-
Industrial energy efficiency dustrial energy use, and its share is expected to grow with progressive electrification. In this paper, industrial WHR

Organic Rankine cycle
Retrofit

Techno-economic assessment
Waste heat recovery

technologies including organic Rankine cycle (ORC) and absorption systems are investigated, and tools are
developed to understand the sustainability and techno-economic impact of integrating these technologies within
industrial processes and facilities. We specifically propose a data-driven technology-agnostic approach to evaluate
the use of heat engines, which can in practice be ORC systems, and thermally-driven (i.e., absorption) heat pumps in
the context of industrial WHR for plant-scale electricity demand reduction. The aim of this work is to explore three
pathways for achieving efficiency improvements in bulk chemicals plants, represented here by olefins production
facilities: (i) direct onsite power generation; (ii) enhancement of existing power generation processes; and
(iii) reduction in power consumption by compressor efficiency improvements through waste-heat-driven cooling.
The techno-economic performance of these technologies is assessed for five different countries representing a
diverse portfolio of climates, technical and economic parameters (including utility prices), using fine-tuned ther-
modynamic and market-based costing models. The results reveal that the proposed approach has the potential to
reduce emissions by between 5,000 tCO(eq.)/year and 101,500 tCO(eq.)/year depending on the scenario. The
marginal abatement cost of the proposed solutions ranges from —1,200 $/tCOx(eq.) to —35 $/tCOx(eq.), with a
payback time between 1.5 and 8 years depending on the scenario considered.

estimated to amount to one-fifth of the energy consumed by the indus-
trial sector in the US, and up to 15% of Europe’s industrial sector energy
consumption could be reduced by exploiting WH [4-7]. Meanwhile,
electricity consumption represented around 56% of the EU27 chemical
industry’s total energy use in 2019, and this is expected to increase as
the industry embarks on the electrification transition [8].

In particular, steam cracking olefin plants produce hot condensate
equivalent to roughly three to four times their annual olefins produc-
tion. This hot condensate is typically rejected via condensate return
systems without recovering the valuable thermal energy content, and in
fact, energy is being spent in the form of electricity to deal with this
waste heat stream. In the EU, such streams are found to be responsible
for generating around 7,000 TJ of WH annually [9].

1. Introduction

The industrial sector is responsible for nearly half of the global en-
ergy demand, which is primarily sourced from fossil-fuel sources [1].
Within the industrial sector, according to the International Energy
Agency (IEA), chemical and petrochemical processes are the largest
consumers of energy, with a slight increase forecasted in the medium
term [2]. The IEA estimates that 40% of the contribution required to
achieve the Paris agreement two-degree scenario targets are energy ef-
ficiency measures, which are also necessary for mitigating other envi-
ronmental and social burdens, beyond emissions, such as air pollution
and energy security [2,3]. Thanks to advancements in industrial energy
efficiency technologies and practices, notable improvements have been

made to plant energy intensity over the last couple of decades. However, 1.1. Direct conversion of WH to power
it is estimated that 17% of the UK’s industrial energy consumption ends
up as waste heat (WH) that is not further utilised. Likewise, WH is The research of converting low-grade heat into power became a
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Nomenclature

A area [m?]

a,b,c  Substance-dependant constants

AF annualisation factor

C capital cost [$]

CAPEX capital expenditure

Ce electricity tariff [$/kWh]

CEPCI  chemical engineering plant cost index

CGC cracked gas compressor

COP coefficient of performance

Cp specific heat capacity at constant pressure [J/kg/K]
Cy specific heat capacity at constant volume [J/kg/K]
Ccw cooling water

d gas turbine heat rate-correlating parameter [1/°C]
EF. electricity emissions factor [kgCO4(eq.)/kWh]
EF, fuel gas emissions factor [kgCO-(eq.)/kWh]
Egug emissions reduction potential [tCOx(eq.)/year]
ETS emissions trading scheme

GT gas turbine

h specific enthalpy [J/kg]

i interest rate [%]

k polytropic coefficient or polytropic exponent [-]
LMTD  log-mean temperature difference

M molecular weight [kg/mol]

m mass flow rate [kg/s]

MAC marginal abatement cost [$/tCO,(eq.)]

MACC  marginal abatement cost curve

n system lifetime [years]

OH operational hours [hours/year]

OPEX operational expenditure

ORC organic Rankine cycle

P pressure [bar, Pa]

PBT payback time [years]

Q heat flow rate [W]

R universal gas constant [J/K/mol]

Ip pressure ratio [-]

s specific entropy [J/kg]

SIC specific investment cost [$/kW]

SRK Soave-Redlich-Kwong

T temperature [°C, K]

TAC total annualised cost [$/year]

U overall heat transfer coefficient [W/m?/K]
\Y molar volume [m3/mol]

W power [W]

WH waste heat

WHR waste heat recovery

Z compressibility factor [-]

Greek symbols

a gas turbine power-correlating parameter [-]
g gas turbine power-correlating parameter [1/°C]
A difference

e gas turbine heat rate-correlating parameter [-]
Y the ratio between c; and ¢,

n efficiency [-]

Subscripts/superscripts

AbsC absorption chiller

atm atmospheric

c cold stream

comp compression

cw cooling water

dis discharge

er endoreversible

exp expansion

g gas

h hot stream

in inlet

int intermediate stream

k driving force

out outlet

p polytropic

rev reversible

net net

0 ambient conditions

«“ after cooling state

Z0 zero-th order

classic theme within which several technologies have reached a tech-
nology readiness level (TRL) of 9, demonstrating their maturity and
applicability to commercial operations [10,11]. These include thermo-
electric generators (TEGs) and steam and organic Rankine cycle (ORC)
systems. It has been established that ORC systems can generally
outperform the other two technologies from techno-economic and
operability standpoints when driven by low (less than 150 °C) to
medium-temperature (150-200 °C) heat sources [6,7,12-14]. There-
fore, the focus of this research theme has been shifted to the ORC
configuration, working fluids selection, and part-load optimisation [15].
However, other options for the exploitation of industrial WH by indi-
rectly exploiting it to reduce power demand have not gained the
equivalent level of attention compared to the direct conversion of WH to
power route. This can be achieved by integrating thermally driven heat
pumps, i.e., absorption chillers, which are further integrated with
power-generating or power-consuming processes.

1.2. Gas turbine performance enhancement through waste heat recovery

Gas turbines (GTs) are becoming favoured over coal-fired plants for
power generation due to their high efficiency, low emissions, continuity
and flexibility. Therefore, GTs adoption is growing and is not expected to
peak before the middle of the 21% century [16]. However, their

performance is known to be influenced by ambient conditions, espe-
cially in hot climates where it deteriorates. Higher temperatures at a
given location can reduce the local air density, resulting in a decrease in
the air mass flow entering the gas turbine compressor. This reduction
ultimately leads to a decrease in the power output and efficiency of the
gas turbine [17-19]. An increase in temperature above international
organisation for standardisation (ISO) conditions can result in a signif-
icant reduction in power output and efficiency. Studies indicate that the
gas turbine power output can decrease by up to 22% and that the
thermal efficiency can decrease by approximately 0.06% for every de-
gree Celsius rise in temperature above ISO conditions. This demonstrates
the sensitivity of gas turbine performance to changes in ambient tem-
perature [20,21], and why it is essential to consider the various climates
and ambient temperatures.

As a result, studying the integration of several air-cooling techniques
with GTs has gained increasing attention, especially when driven by free
WH. For instance, Zare [22] found that the impact of cooling GT air
intake through the integration with absorption chillers resulted in an
increase in the net power and exergy efficiency by 30% and a reduction
in the levelised cost of electricity by 23%. Additionally, Kwon et al.
studied enhancing a GT combined cycle system by integrating an
exhaust-driven absorption chiller system for air cooling [23]. The au-
thors studied two configurations and reported an estimated increase of
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8% in the power generation and payback periods of less than three years.

Also, other studies [24,25] proposed novel technologies that
improve the relative power output of gas turbines through turbine air
inlet cooling. However, it can be noticed that the vast majority of
research found in the literature focused primarily on optimising the
configuration of GTs by capturing the WH generated by the GT system
itself (e.g., Refs. [26-28]), while the opportunity to integrate GTs with
WH from wider site utility systems has not been sufficiently addressed.
More specifically, an assessment that includes the other comparable
WHR pathways is found to be a gap in the literature.

1.3. Multistage compression enhancement through WHR

Gas compression processes are an essential part of many industrial
plants. There are several types of compressors, but for the bulk industries
where gas flow rate exceeds 90 m>/s and with required discharge
pressure up to 700 bar, centrifugal compressors can be found in nearly
60 different petrochemicals manufacturing processes, which leads to a
substantial contribution to the total energy consumption [29,30].
Compressors consume a significant amount of energy, and consequently
improving their energy efficiency performance remains a compelling
area of improvement. For instance, in air separation units, three-fifths of
the overall power consumption is allocated to the compressor shaft
power [31]. Consequently, the motivation to improve compression ef-
ficiency has increased, especially for large-scale systems. Interstage
cooling represents a compelling opportunity to reduce power con-
sumption by compression cost-effectively.

As indicated in Ref. [31], a 5% increase in the capacity of interstage
cooler could lead to a reduction in shaft power consumption by more
than 0.6% for a three-stage compressor. Moreover, Zhang et al. [32]
investigated the integration of cryogenic air separation’s multistage
compression system with thermally-driven refrigeration cycles that re-
covers heat from the compression process to reduce the power demand.
The analysis revealed that when the ambient temperature was 25 °C, a
reduction of 7.4% in compression power was achieved. However, the
integration of interstage cooling with process sites WHR schemes has not
been explicitly investigated, which can magnify the potential benefits of
WHR due to their large capacities. Therefore, this is also selected as the
intended scope of this paper, along with the other opportunities to un-
derstand their performance in different scenarios.

1.4. Data-driven technology-agnostic modelling

This paper intends to build and utilise data sets of the performance of
commercially available units of the technologies selected within the
scope of work. Then, these sets of data are going to be compared and
correlated with previously established performance estimation re-
lationships of these technologies with the aim of proposing new ones
that tracks the collected data. This atypical approach to the modelling
and evaluation of WHR technologies is different from the typical one
which focuses on rigorous modelling. Developing such rigours models
involves the specification of many factors, such as the configuration,
working fluids, and types of equipment used. However, many of these
decisive factors are unknown at the concept screening stage, which re-
quires a number of assumptions that inherently lead to the inaccuracies
of the results. Therefore, reversible and endoreversible thermodynamic
models can be advantageous for the early-stage screening of such
technologies based on their thermodynamic efficiency [6]. In addition,
the use of such data-driven thermodynamic models enables the potential
end-users of such technologies to track their market performance values,
and helps in accounting for closer-to-reality performance estimation for
their intended applications.

Additionally, as the deployment of these technologies has been on an
increasing trajectory, the opportunity to improve the accuracy of the
performance prediction becomes more evident. This is because model-
ling results can be correlated with the published performance data. The
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application of such empirical correlations has not been extensively
explored in the literature. An example of such analysis was conducted by
Gangar et al. [6]. However, the scope of that study involved only organic
Rankine cycle (ORC) systems and mechanical vapour-compression heat
pumps for a different scope of applications with a different portfolio of
performance indicators.

In summary, this paper brings a unique contribution to the field by
highlighting several innovative aspects of its approach. Firstly, it in-
troduces the utilisation of waste heat from sources other than the
commonly used for compression or gas turbine systems enhancements,
providing a new perspective on the potential for energy efficiency
improvement. Secondly, it includes emissions reduction potential in the
cost-benefit analysis, providing a more comprehensive assessment of the
systems’ performance. Thirdly, the study presents a comprehensive
analysis of ORC systems with compression and GT systems enhancement
by absorption chillers integration, as well as their techno-economic and
emission reduction performance for different scenarios. This allows for a
more thorough understanding of the potential of these systems. Lastly,
the authors have employed a technology-agnostic, data-driven approach
rather than traditional modelling techniques to achieve a more market-
tracking analysis of ORC and absorption chillers performance estima-
tion. To the best of the authors’ knowledge, this study is the first to
present a comprehensive and unified framework for evaluating these
systems for the minimisation of olefins plants’ hot condensate WHR,
providing confidence in the conclusions drawn from the analysis.
Furthermore, this study serves as a case study of the proposed approach,
which can be extended to other applications.

2. Methods

As a starting step in our investigation, the computational modelling
aspects for the techno-economic performance are discussed for each of
the considered technologies, along with a brief description of the con-
figurations when integrated with olefins plants. Second, the derived
energy performance correlations are utilised as inputs for a techno-
economic performance appraisal applied to a case study from the bulk
chemicals industry to address the advantages of such technologies.

2.1. Heat engines

Heat engines are technologies that convert heat to power. ORC sys-
tems are considered in this work, while steam Rankine cycle systems are
not covered as it is well established that the performance is not attractive
for low-grade heat sources [7]. The performance of heat engines can be
quantified by the thermal efficiency, which is defined as the ratio of the
useful power output to the heat input:

==, 1
n 0 (€]

and is bound by an upper theoretical limit achieved by an ideal,
reversible Carnot cycle, which depends on the available (external) heat
source and sink temperatures:

TC

-z ©)

ey =1

The Carnot cycle is based on the assumption of the absence of in-
ternal and external irreversibilities. The first involves viscosity, inter-
molecular forces and frictions, while the latter accounts for the driving
forces for heat transfer in the form of temperature losses. Therefore,
Carnot efficiency of any heat engine represents the maximum perfor-
mance of any heat engine operating with the same heat-source and heat-
sink temperatures [33,34]. On the other hand, an endoreversible esti-
mation of heat engines’ performance was proposed to account for irre-
versibilities occurring in the heat transfer processes from the source to
the engine and from the engine to the sink, while internal processes are
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assumed to be fully reversible [35,36]. Novikov [36] and Chambadal
[37] proposed an expression to estimate the thermal efficiency of
endoreversible heat engines:

&

T 3

Ner = -
Once the endoreversible efficiency is estimated, this can be used in a
correlation relating it to published performance data, as proposed by
Gangar et al. [6], who developed such a correlation after extracting
performance data relating to 34 commercially-available ORC systems:

Nore = —0.93(n,.)" +0.87n,,. “4)

Here, an extended range of published performance data of 64 ORC
systems with capacities ranging from 1 kW to 10 MW is collected to
extend the predictive power of this correlation. In a second step, we can
estimate the net generated work by the heat engine after taking into
consideration the specific information of the heat delivered to the
engine:

WnCl = 770Rc"'1 (hh,in - hh,oul)~ )

Despite using a technology-agnostic approach to model the ORC
systems without specifying design parameters related to the working
fluid state and conditions, it is essential to ensure that the modelled ORC
systems are technically feasible. Technical feasibility in the context of
this work refers to meeting two key conditions. The first constraint is to
adhere to the range of data collected, which is used to derive any cor-
relation that will be discussed later in the paper. Therefore, the heat
source temperature must be at least 80 °C and not less than 360 °C. The
second constraint is to adhere to the limits of temperature boundaries
around the cycle, as shown in Fig. 1, i.e., the difference between the
heat-source inlet temperature and cooling-medium outlet temperature
must be 20 °C or higher. Similarly, the difference between the heat-
source outlet temperature and cooling-medium supply stream temper-
ature is constrained to be 15 °C or higher.

2.2. Absorption chillers

Absorption chillers transform heat into cooling, and their perfor-
mance can be estimated based on the endoreversible thermodynamics
concept described in the heat engine modelling section. Novikov [36],
Velasco et al. [6,38] and Yan et al. [39] assessed absorption chillers with
the aim of delivering an endoreversible estimation of their performance,
and a relationship was proposed after validation. Blanchard [40] later
extended this approach to account for the temperature drop across the
heat exchangers in the heat pumps needed to act as a driving force for
heat transfer through an empirical parameter (ATy), and it was sug-
gested to assign a value of 30 for it based on his review. Subsequently,
based on the heat source and sinks temperatures, the COP is calculated
from:

4

A
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A list of 30 chillers ranging from 53 to 530 kW from various manu-
facturers is considered. Similar to the heat engine process, a comparison
between reported performance data and estimated endoreversible COPs
is used to obtain a similar correlation. Based on the specific WH data, the
performance of the absorption chillers can be calculated. After deter-
mining the cooling duty generated in the chiller, the amount of pro-
duced coolant can be calculated from:

O, = COP Oy @)

Herold et al. [41] compared the reversible thermodynamic estima-
tion of COP of absorption chillers with the zero-order estimation, and
found that the expression below was successful in providing reasonable
estimates of the COP of commercial chillers:

COPzo = . ®
T

To ensure that technical feasibility is met in the modelled absorption
chiller systems based on the temperature boundaries, the conditions
shown in Fig. 2 are imposed. First, the heat source temperature must be
at least 70 °C and not greater than 240 °C, to adhere to the range of data
collected which is used to derive the correlation that will be discussed
later in the paper. Also, the difference between the heat source and
cooling medium outlet temperatures must be 20 °C or greater, to ensure
technical feasibility is achieved in the different considered cases. For the
same reason, the temperature difference between the heat source outlet
and cooling medium supply streams’ must be 15 °C or greater. Finally,
similarly, the temperature differences between the hot and cold sides of
the ambient cooling (cooling water) and the heat sink (chilled water) are
subjected to be at least 10 °C or greater.

After that, the cooling capacity generated from the absorption chiller
systems, which is used to cool down the air intake or compressed gas, is
calculated using Eq. (9). These coolers are assumed to be counter-
current heat exchangers with temperature differences in the cold and
hot sides at least equal to the assumed ATy, as illustrated in Fig. 3. The
sizes of these coolers are calculated from:

Qcouler = mCCPATc; and (9)
Qcooler

Acooter = ——Ze00ler 10

oot UcoolerATLMTD ( )

2.3. Brayton cycle systems with air intake cooling

After determining the potential cooling capacity created from WHR
through the absorption chiller system, the cost and benefit of integrating

k
y m—-————
3
S

i
1
I
1
1
A
AT =15°C

Toig

“v

Fig. 1. Simple ORC system (left) and temperature boundary conditions for technical feasibility that ORC systems are subjected to in the modelling approach followed

in the present work (right).



A.M. Maghrabi et al.

WH input
Condenser l
. 4 Generator

y 1o

X

X

1

—| | Absrober|

Evaporator T

Energy Conversion and Management: X 20 (2023) 100419

B~

Fig. 2. Absorption chiller system configuration (left) and cycle on a T-s diagram (right).
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Fig. 3. Assumption followed during the modelling of gas (or air) coolers.

that capacity into GTs will be studied. The performance impact resulting
from air intake temperature variations is typically estimated using GT
performance correlations developed by the manufacturers, as different
GTs react uniquely due to their system components and control schemes
[421.

The improvement in the performance of open-cycle gas turbines at a
lower air intake temperature is illustrated in Fig. 4. Operating at a lower
air intake temperature corresponds to a slight decrease in heating rate, a
reduction in compression shaft power requirements and an increase in
power generated in the expansion process. As a result, this integration
scheme is expected to yield an overall energy efficiency improvement,
which is quantified by:

Wg
Mgt Q . (€8]

The schematic shown in Fig. 5 illustrates the proposed configuration.
In this process, the ambient temperature variation is known to have a
linear relationship with both the work produced and the heat consumed
by the GT system [29,42]:

Wor = a + BTy; and 12)

v

h

Fig. 4. Illustration of Brayton cycle performance enhancement by air intake
cooling on a P-h diagram, assuming isentropic compression and expansion
processes for constant supply of heat duty.

A AI-I(:om
Or :W—bzé'-‘rdTm 13)

GT

where the constants, @, 5, ¢ and d, are parameters dependent on the
performance maps of the GT, which can be obtained from the manu-
facturer correlations, data fitting or rigorous modelling.

2.4. Gas compression systems with interstage cooling

Gas compression systems are essential in industrial process systems
and usually occur in multi-stages of compressors because the single stage
is limited to a flow rate of 1 m®/s and a discharge pressure of 20 bar [29].
Consequently, interstage cooling is employed to protect the machinery
integrity and improve the overall compression efficiency, as illustrated
in curves in Fig. 6, which show plots of a two-stages compression
process.

The compression process can be estimated polytropically, which
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Combustion
chamber
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) ) ) stream
Absorption chiller unit

Fig. 5. Schematic diagrams of the base-case GT system (left) where ambient air is directly provided to the system and the proposed scheme (right) where it is

integrated with an absorption chiller unit.

v

§

Fig. 6. Schematics illustrating a two-stage isentropic compression process on enthalpy-entropy (h-s) and temperature-entropy (T-s) diagrams. The red dashed line
demonstrates the isentropic compression path for a single-stage compression process. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

links the compressor design to the gas properties. It is closer to reality
than isentropic compression because it accounts for friction. Equation
(14) provides an estimation of the compressor work at different suction
temperatures [30,43-48]:

k k=1
kj[rprl]. a4

. it
Weony = T RTZ,
The compressibility factor at different temperatures and pressures
can be obtained from the proper equations of state. The variation of this
value is insignificant to small changes in temperature and pressure, as in
the case of this particular scope [47]. The polytropic exponent (or the
polytropic coefficient), k, is calculated using Eq. (15), which is a variable
that is dependent on both the ratio of the heat capacities, y, of the
compressed gas mixture and the nominal polytropic efficiency, ,, of the
compressor, which typically ranges between 0.76 and 0.78 for most
centrifugal compressors [48,49]:

(15)

Then, the gained power can be estimated using:

Wnel = W v

comp "' comp*

(16

Shaft power of multistage compression systems (also known as ma-
chine drive) are typically satisfied by either electrical motors or me-
chanical coupling with turbines (typically steam turbines). Therefore,
the reduction in shaft power requirements can lead to either a direct
reduction in the site’s power imports or the reduction in fuel imports
used to generate steam, which gets expanded through steam turbines for
that purpose. In this work, the motor-driven CGC system scenario will be
considered to estimate the performance of the proposed integration
schemes.

2.5. Technoeconomic performance estimation

As reviewed by Lemmens [50], the existing costing models used in
evaluating process technologies are not accurate. However, it is
observed that studying the relative performance of such process tech-
nologies using a consistent economic evaluation methodology provides
valuable indications from a comparison standpoint, which is the scope of
this paper.

In this paper, the specific investment cost (SIC) is selected to estimate
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the capital costs (CAPEX) of the WHR systems. First, starting with ORC
systems specific investment cost (SICorc), Arvay et al. [51] provided the
SIC from four different manufacturers ranging from $1,800/kW to
$2,860/kW with an average of $2,390/ kW. Gangar et al. [6] also per-
formed an economic evaluation for ORC systems against other WHR
options and used a SIC of ~$2,600/kW. Moreover, an extensive survey
by Lemmens revealed that the SICs reported in the literature were
scattered and wide-ranged [50], which confirmed that the general trend
of ORC SICs decreases as the size increases for the existing ORC units.
However, since there is a lack of cost correlations for ORC systems that
consider the system size, and by taking a conservative approach, the cost
of ORC systems in this work is estimated using an SICogc value of $2,000
per kW, which will be subjected to a sensitivity analysis as part of this
work:

CCore = SICore Whe- a7

Regarding absorption chillers specific investment cost (SICapsc), ac-
cording to the US department of energy (DOE), SICapsc ranges between
$750/kW and $1,960/kW, with an average value of $1,730/kW, after
adjustment to the 2022 USD value [52]. As a result, the cost of ab-
sorption chillers in this work is estimated using Eq. (18). Furthermore, it
is estimated that the operations and maintenance costs for both ORC
systems and absorption chillers are 1% of the CAPEX. After that, the heat
exchangers that transfer the cooling capacity are costed using Eq. (19),
which could be applied to up to exchangers with an area of 2,000 m?
[29]. This cost is updated from the 2010 USD value to the 2022 USD
using the chemical engineering plant cost index (CEPCI) values shown in
the assumptions table at the end of this section (Table 5). Finally, the
system costs can then be estimated using an SICspsc value of $1,100 per
kW, which will be subjected to a sensitivity analysis as part of this work:

Cavsc = SICapscQ,; and 18)
Ao\ 2

Ceooler = 156,000 <W) ; and (19)

Ciotat = Ceooler + Cabsc- (20)

The system costs can also be combined with the OPEX and get
annualised to simplify the estimation of the system economic feasibility
using Eq. (21), which generates an annualised factor (AF) that can be
used to value the system total annualised cost (TAC):

i
AF = — = +1; and 21
(1+i),z+l, an 21

TAC = AF C,y + OPEX. (22)

After estimating the costs of the considered systems, the benefits of
these systems are estimated using different metrics. In order to calculate
these benefits, the gained benefits from the power savings achieved by
either direct conversion through ORC systems, GT air intake cooling, or
additional interstage coolers is calculated using Eq. (23), while the
change in fuel consumption resulting from air intake cooling in the case
of GT enhancement is estimated using Eq. (24). Then, the different
performance metrics, such as the annual benefits (AB), the payback time
(PBT), and the net present value (NPV), are calculated using Egs. (25) to
27):

Bpower = Wnel 3 (23)

thazing = QGTCg:, (24)

AB = Bpower + Bhealing - OPEXy (25)
Ciou

PBT = % and (26)
AB
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n

AB
NPV = ;m = Cootal- 27)

The technical benefits of these systems are estimated based on the
emissions reduction potential, Egyg, measured in metric tonnes of CO5
equivalent per year, which is obtained as:

Egug = OH <EFg Qcr + EF, Ww> ) (28)

Finally, the systems cost-benefit can be related to the emissions
abatement potential using the marginal abatement cost (MAC) metric,
defined using Eq. (29). The MAC relates the cost and the benefits of
reducing emissions by one unit and is used to evaluate the cost-
effectiveness of studied options:

—NPV

MAC = .
Ecne

29

3. Case study definition

The case study addresses a scenario of a process site with an olefins
plant and a utility system that provides the plant with heat and power.
Fig. 7 shows the typical steps to produce olefins, in which the subsequent
stage in the process after the generation of cracked gases is the
compression of the cracked gas via centrifugal compressors. The com-
pressors are typically driven by a steam turbine and, in fewer cases, by
motors, with four to five compression stages, including intermediate
cooling. The number of stages required depends on the cracked gas
composition and the cooling medium’s temperature level. Switching
these compressors drive from steam turbines to motors is one of the most
promising opportunities for emissions reduction in ethylene plants,
which means that it is foreseeable for these systems to increase the plant
power inputs [53,54].

Olefins production by cracking is ranked as the top energy-
consuming process within the petrochemical sector [55-57]. The
cracked gas compression (CGC) system is estimated to contribute to the
specific energy consumption of a olefin plant by 15% to 22%, second
only to the thermal energy used for cracking [58,59]. Most interstage
coolers yield gas streams at a near-ambient temperature, and such
ambient conditions may lead to increased power requirements in hot
climates. Therefore, this particular multistage stage compressor system
is selected for this case study to represent the compressor power con-
sumption enhancement by WHR opportunities.

The evaluation starts by using WH data of an olefins plant quantified
in the literature [9]. Then, examples of GT systems within the site’s
utility system, which satisfies the plant with power requirement, are
selected to evaluate GT performance enhancement by integrating a WH-
driven absorption chiller system, as shown in Fig. 5. After that, the WH-
driven absorption system integrated with the olefins CGC system is also
evaluated as part of this study, as shown in Fig. 8. Finally, these two
pathways are assessed against standalone power generated by the direct
conversion of WH with ORC systems.

Marina et al. [9] conducted an extensive review of the European
industrial waste heat, and the data for ethylene plants’ waste heat
stream, which is hot condensate, was extracted and summarised in
Table 1 for use in the present case study. The temperature of this stream
is typically between 114 and 125 °C. The production of hot condensate
in an olefins process depends on the specific process and operational
parameters used. This by-product, produced during the cracking process
that converts hydrocarbons such as ethane or naphtha into ethylene and
propylene, is generally correlated to the total olefin’s steam cracking
plant capacity, typically around triple to quadrable of the production.

Regarding the selected GTs, a 26 MW and a 125 MW GE model
PG5371 (PA) gas turbine is selected to evaluate the impact of capacity
on feasibility. The performance correlations are summarised in Table 2,
and the system configuration is illustrated in Fig. 5.
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Fig. 7. Schematic of a typical steam cracking plant for the manufacturing of olefins.

Absorption chiller unit

WH input

Fig. 8. Schematic diagrams of the base case CGC system (top) where the cracked gas (CG) temperatures are maintained around ambient temperatures and the
proposed case (bottom) where the CG temperature drops below ambient levels depending on the absorption chiller unit capacity.
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Table 1
Base case WH data [9].
Case study parameters Value Units
WH stream hot condensate (water) -
Th 120 °C
mh 3 x CGC base case capacity kg/s
Table 2
GT performance coefficients [42,60,61].
GT system parameters 26 MW GT 125 MW GT Units
a 29.04 109.4 -
p -0.19 —0.62 1/°C
€ 3.41 98.7 -
d 0.01 0.13 1/°C

The cracked gas stream data is shown in Table 3, which is taken from
the work of Al-douri et al. [48] and Sharifzadeh et al. [62]. The typical
nameplate capacity of olefin plants is around 0.5-1.3 million tonnes per
year [58]. Therefore, a scenario representing this range of capacities is
considered to address the performance of the different WHR schemes
using the abovementioned methods, with a base case of a 0.8 million
tonnes per year plant. The physical properties of this hydrocarbon
mixture can be estimated using the Soave-Redlich-Kwong (SKR) equa-
tion of state [63,64]. The SKR equation of state is given by the rela-
tionship shown in Eq. (30). The mixture’s compressibility factor (Zg) and
specific heat capacity (cp) at different temperatures and pressures are
given by Egs. (31) and (32), where a and b are substance-dependant
constants, respectively, and are plotted in Fig. 9 with the aid of the
Aspen plus built-in SKR fluids property package [63].

RT a
P==y " vivry (30)
Z:%; and (31)
oh
== . (32)
N (aT)P

Consequently, the data required to compute the amount of shaft
power at different gas temperatures are obtained and summarised in
Table 4.

Finally, the assumptions related to the process systems, ambient
conditions, and economic data are summarised in Table 5. The analysis
is performed under the steady-state assumption, and sub-zero cooling is
not considered in this study due to the limitations this might cause to the
use of water due to freezing concerns. Also, the heat exchangers used in
the considered processes are assumed to be of a counter-current shell-
and-tube type with no allowance for crossover heat transfer and viola-
tion of the assumed minimum approach temperatures.

Table 3
Composition of cracked gas compressor stream [48,65].

Compressed gas composition Mass fraction (%) Mole fraction (%)

Hydrogen (Hy) 5.1 42.0
Methane (CH,4) 8.7 9.0
Acetylene (CpHy) 1.1 0.7
Ethylene (CoH4) 67.9 40.0
Ethane (CoHg) 12.5 6.8
Propylene (C3Hg) 1.1 0.4
Vinylacytelene (C4H4) 0.3 0.1
Butadiene (C4Hg) 1.5 0.5
Cyclopentadiene (CsHe) 0.5 0.1
Benzene (CgHe) 1.2 0.3
Hydrogen sulphide (H,S) 0.1 0.1
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4. Results and discussion

The main results and findings are presented and discussed in this
section. The analysis starts by investigating the correlations of ORC and
absorption chillers energy performance based on the established per-
formance data of commercial systems in Section 3.1. Section 3.2 dis-
cusses the technical results related to the impact on plant-level WHR
energy flows obtained from modelling the direct conversion of WH to
power. Also, the complementation of the direct WHR route with the
indirect conversion of WH to power routes through absorption chiller
systems integration with power-generating and power-consuming sys-
tems is examined. After that, in Section 3.3, a detailed emissions
reduction potential benefits analysis is discussed, along with a demon-
stration of the economic assessment results for the proposed integrated
WHR scheme. Also, a sensitivity analysis is conducted in this section to
study the impact of some of the primary assumptions used on key per-
formance metrics.

4.1. Data collection of commercial units with thermodynamic estimations

In this work, the performance data of 64 commercial ORC systems
ranging from 1 kW to 10 MW in size and operating with heat source
temperatures ranging from 80 °C to 350 °C was collected to improve and
simplify the correlation shown in Eq. (4). Fig. 10 illustrates the fitting
obtained for ORC systems based on the survey. The correlation between
the reported efficiencies and their endoreversible efficiencies in Eq. (33)
has a coefficient of determination (R%) value of 0.89, a standard devia-
tion of 0.015, and an average deviation of 0.027. Fig. 11 demonstrates
the use of the proposed performance correlation to estimate ORC sys-
tems’ thermal efficiency compared to other thermodynamic estimation
methods:

Nore = 0.771,,. (33)

Similarly, a correlation between the absorption chiller units and their
respective endoreversible COPs is formed, as shown in Fig. 12, by tuning
the empirical parameter ATy, which was found to be 27, yielding a linear
relationship as illustrated in Eq. (34), with an R? value of 0.93, a stan-
dard deviation of 0.0657 and an average deviation of 0.0854. Also, the
proposed correlation to estimate absorption chiller COPs is plotted and
compared to other methods in Fig. 13:

COP ppsc = 1.1COPy,. (34)

Finally, the country-specific assumptions defined in Table 6 have
been taken into account to estimate the performance of absorption
chillers and ORC systems when powered by the WH stream defined in
Table 1, which yields the thermal efficiencies and COPs illustrated in
Fig. 14. These results show that both systems’ performances improve in
locations with colder ambient conditions.

4.2. Technical and emission reduction results

If the WHR from olefins plants is utilised via direct conversion
through ORC systems, the amount of power saved can be estimated, as
shown in Fig. 15. For our selected base case of a 0.8 million tonnes per
year plant, the quantity is estimated to range from 2.3 to 3.5 MW of
power in the five locations studied. The varied quantity of recoverable
WH and the impact of ambient conditions on the ORC system efficiency
mainly cause the variation of this quantity.

Conversely, when analysing the conversion of waste heat to cooling
capacities for further process-enhancement utilisation, it should be
acknowledged that the potential of this route is limited by the fact that
there is a lower temperature limit that cooling cannot be extended
beyond. This lower limit implies that there are upper limitations for the
amount of cooling duty that can be utilised, especially for large-scale
systems. Therefore, the analysis of this scheme starts by quantifying
the maximum possible cooling capacity that can be used for the GT
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Table 4
Base case cracked gas compression system parameters.

Case study parameter Value Units
Number of compression intercoolers 3 -
Compressed gases flow rate (1mgas) 800,000 tons/year
Gases average molecular weight (M) 16.52 kg/kmol
Pressure ratio (rp) 2.2 -
Heat capacity ratio (y) 1.29 -
Nominal compressor polytropic efficiency (17,) 0.78 -
Table 5
Economic and system-level parameters.
Economic assumptions Process system assumptions
Plant lifetime 20 years ATmin 5°C
OH 8000 h/year Heat sink T Tatm
CW cost 6 $/kW/year Evaporator outlet T 2°C
CEPCI 2010 534 Max. CW return T 45 °C
CEPCI 2022 701 Ucooler 250 W/(m”.K)
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estimated thermal efficiency of commercially available ORC systems.
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Table 6
Country-specific assumptions. *Inflation rates are based on historical averages
rather than recent (post-2020) figures. Data acquired from Refs. [66-70].

Parameter Units Saudi UK China  USA Germany
Arabia
Tatm °C 27 12 11 13 9
Ce $/kWh 0.048 0.37 0.64 0.09 0.28
Cq $/kWh 0.01 0.06 0.03 0.04 0.15
Inflation per year 2.5% 2% 2.5% 2% 2%
rates*®
EF, kgCO4(eq.)/ 0.812 0.193 0.969 0.388 0.361
kWh
EF, kgCOx(eq.)/ 0.054 0.06 0.050 0.06 0.055
kWh
T T T
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Fig. 14. Estimated ORC thermal efficiency and absorption chiller COP for the
defined case study at the different studied locations.

enhancement scheme and the CGC enhancement scheme. A demon-
stration of this conducted analysis for KSA and the UK is presented in
Fig. 16 and Fig. 17, respectively. The results are calculated for the
defined base case of a 0.8 million tonnes per year olefins plant, and the
two cases of GT sizes are shown for each location.

In these figures, it is observed that variation in ambient conditions
causes changes to the availability of WH duties, where the hotter the
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Fig. 15. Power production from a range of olefins plant scales using ORC
systems driven by the hot condensate WH stream.

climate, the less energy flow is expected from the same olefins plant. For
instance, the plant in KSA is expected to have less available (or recov-
erable) WH duty than the same plant operating in the UK by around 6
MW of heat. Moreover, the provision for utilising cooling capacities out
of WH is higher for hotter locations due to the higher potential for
cooling. As a result, the plant in KSA is found to be capable of consuming
roughly six times the amount of cooling that can be utilised in the UK,
considering the imposed lowest allowable cooling temperature of the
2 °C limit.

Furthermore, the CGC system in the plant in KSA is estimated to be
capable of rejecting around 4 MW of interstage heat to the cooling ca-
pacity generated by the absorption chiller, which is found to yield a
reduction in power requirement for the system by around 1 MW.
Simultaneously, 5 MW of cooling is estimated to be usable for GT power
generation enhancement through air intake cooling in the plant in KSA.
This integration is expected to yield around 12 MW of further power
generated from the 125 MW GT, and the GT heating rate demand is
reduced by around 3 MW of heat. On the other hand, if the GT system is
the 26 MW one gets enhanced by the same 5 MW of cooling, this scheme
is expected to yield 4 MW of additional power capacity and 0.2 MW in
heating savings.

For the UK plant, out of the available 38 MW of WH, only approxi-
mately 2.1 MW of cooling can be utilised by the system, which means
that 1.7 MW of WH can be recovered based on the estimated absorption
chiller system performance. Then, around 1.5 MW of this cooling ca-
pacity is exported to the CGC system, from which around 0.3 MW of
power is expected to be saved. However, when it comes to GT, around
0.6 MW of cooling can be deployed, and in the case of the smaller-scale
GT, only around 0.6 MW of power is expected to be gained while a small
amount of heat demand (around 300 kW) is going to be reduced. In
contrast, the bigger GT could yield around 1.9 MW of power gain and
0.3 MW of heat demand reduction. The remaining WH not recoverable
indirectly for cooling can then be provided to ORC systems, which is
estimated to be around 9 MW for the considered plant in KSA, producing
around 1 MW of power through ORC and subsequently dumping around
8 MW, making the total lower-grade residual heat rejected around 10
MW.

In the UK, it is estimated that the vast majority of the plant WH needs
to be recovered in ORC systems due to the smaller envelope for cooling.
Around 37 MW of WH goes to ORC systems producing around 4 MW of
power and dumping the remaining unutilised WH duty of around 33 MW
of lower-grade residual heat. An additional amount of lower-grade WH
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125 MW GT

Fig. 16. Energy flows after WHR with GT and CGC enhancement, and ORC systems for an olefins plant in KSA with a 125 MW GT system (top) and a 26 MW GT
system (bottom).

125 MW GT

26 MW GT

Fig. 17. Energy flows after WHR with GT and CGC enhancement, and ORC systems for an olefins plant in the UK with a 125 MW GT system (top) and a 26 MW GT
system (bottom).

will come from the condensation steps in the absorption chiller systems, reduction in olefins plants through the proposed solution portfolio.
with a total residual WH around 37 MW. Furthermore, it can be noticed from the results shown in Fig. 16 and

Therefore, it can be deduced from the conducted analysis that Fig. 17 that in the indirect conversion of WH to power that in all cases,
ambient conditions considerably impact the potential for WH discharge this scheme has limited potential for recovering the massive amount of
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WH generated from the steam-cracking olefins plant. Therefore, in the
next section, the option of simultaneously enhancing power generation
and consumption through WH-driven cooling integration and using the
unrecovered WH duty to generate power through ORCs are examined
from emissions and economics standpoints.

4.3. Emissions and economic analysis and results

After addressing the conservation of WH through the identified
pathways, in this section, the costs and benefits are evaluated. Table 7
shows the estimated emissions reductions from converting olefins plant
WH to power with the proposed portfolio of technologies, including CGC
and GT systems enhancement complemented by ORC systems in the
considered locations. The highest emissions reduction is expected to
occur in China, starting from around 20,000 tonnes of CO; equivalent
per year for an olefins plant of 800,000 tonnes per year capacity.
Meanwhile, the lowest estimates are found for the UK for the smallest
considered olefins plant. The deviation in emissions reduction potential
is mainly driven by the electricity grid emissions factors (EF,) in the
locations studied, as the highest and lowest values were in line with the
obtained estimations.

The economic performance metrics are shown in Fig. 18. From these
figures, it can be noticed that the ORC systems performance is expected
to have positive financial results across all five locations as the annual
net benefits (AB) value is estimated to be consistently higher than the
total annualised costs (TAC). The highest difference between AB and
TAC is observed for the systems in the UK, followed by Germany, while
relatively similar economic performance is estimated for USA and China,
and the smallest difference between AB and TAC is estimated for the KSA
case. The main reason for these results is the variance in electricity
prices (Ce) in the locations studied, as the highest and lowest values were
in line with the obtained economic performance estimations.

On the other hand, the power demand reduction opportunities
driven by integrating WH-driven absorption chillers from a 0.8 million
tonnes per year olefins plant are analysed in the subsequent section.
Fig. 19 shows the obtained results from modelling these pathways
individually, starting with the top left bar graph, where each of their
estimated emissions reduction is illustrated. The highest emissions
reduction potential is expected to yield around 80,000 tCO4(eq.)/year
and found to be for the case of integrating absorption chillers with the
125 MW GT in the warmest considered location (KSA). In contrast, the
emissions reduction potential tends to drop for the other locations,
where the lowest value is estimated for Germany to be around
5,000 tCO4(eq.)/year due to both the colder climate and the lower grid
emissions factor compared to the other locations.

Economically, the remaining graphs in Fig. 19 show each of these
pathways MAC, PBT, AB, and TAC. It can be seen that the more attrac-
tive MACs are observed for the UK, followed by Germany, and relatively
similar results in the USA and China, while in KSA, the MACs are rela-
tively less appealing compared to the other locations for the same
portfolio of technologies. When breaking down these results from cost
and benefit perspectives in Fig. 19-bottom right graph, it is apparent that
the AB and the TAC values are generally closer to each other for

Table 7

Annual emissions reduction potential when converting olefins hot condensate
WH stream to power through ORC systems for different plants capacities in the
five considered locations.

Olefins plant capacity KSA UK China USA Germany
[tonnes per year] [tCO4(eq.)/year]

800,000 11,600 4,100 20,400 7,800 7,900
900,000 13,100 4,700 22,900 8,800 8,900
1,000,000 14,500 5,200 25,500 9,800 9,900
1,100,000 16,000 5,700 28,000 10,700 10,900
1,200,000 17,500 6,200 30,500 11,700 11,900
1,300,000 18,900 6,700 33,000 12,700 12,900
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Fig. 18. Total annualised costs and net annual benefits of ORC systems

recovering hot condensate waste heat streams in the different studied locations
for the base-case olefins plant.

China USA

enhancing the CGC system than the GT systems. This indicates that
enhancing the CGC alone is less attractive than enhancing either the 26
MW or the 125 MW GT. These factors explain the estimated PBTs plotted
in Fig. 19-bottom left graph, where the shortest time is noted for
enhancing the bigger GT in Germany with as short as four months of
payback time and around one year for the smaller GT, and less than four
years of the CGC enhancement. The longest estimated PBTs are for the
KSA case because the power prices there are the cheapest among the five
countries. The enhancement of CGC alone is expected to pay back in
more than 34 years, while GT enhancement is expected to pay back in
less than six years and less than two years for the 26 MW and 125 MW
GTs, respectively.

The final part of the analysis is the consolidation of the economic and
emissions performance metrics for the proposed solutions by plotting
their marginal abatement cost curve (MACC) shown in Fig. 20. This
curve illustrates a combination of findings described above: the emis-
sions reduction potential (Egyg) on the horizontal axis and the MAC on
the vertical axis. Each case shown in this figure includes the results from
recovering the WH of the base case olefins plant in the different loca-
tions using; absorption chiller systems integrated with CGC, one of the
two GTs, and ORC systems to recover the remaining WH. These results
provide some support for the generalised conceptual premise that
recovering the WH from olefins plants is attractive, and the attractive-
ness can enormously vary based on location.

Fig. 20 and Table 8 illustrate that the highest Egyg is expected to be
found in KSA, driven by the grid emissions factor compared to the other
locations, while the MAC value is expected to be below zero, driven by
the low energy costs there. In contrast, the UK relatively low grid
emissions factor limits the relative Egyg value while the relatively
expensive power cost supports the MAC. This attractiveness ranking is in
line with the other overall economic performance metric, PBT, illus-
trated in Fig. 21 and provides a similar ranking of attractiveness be-
tween the locations.

According to the international carbon action partnership (ICAP)
[71], current CO; price in countries with emissions trading schemes
(ETS) ranges between 10 and 110 $/tCOx(eq.), as shown in Fig. 22. By
comparing these values to the reported values in Fig. 20, it is evident
that the proposed measures proposed are expected to be economic from
this standpoint, because the MAC values are all negative compared to
positive carbon prices in the ETS of the different locations considered.

Finally, assumptions such as the SICorc and SICapsc, ATmin, and new
coolers heat transfer coefficients (Ucooler) are subjected to a sensitivity
analysis. The results obtained when conducting this analysis for four
different locations on the MAC of the proposed scheme when integrated
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with a 125 MW GT are shown in Fig. 23. The AT, was first varied
between —20% to +20%, and the impact on the MAC was found to be
marginal. Then, Ucooler Values are varied by +50%, and the impact on
the MAC is found to be dependent on the amount of cooling deployed in
the indirect route. Therefore, halving the Ugqoler value by 50% in KSA
reduces the MAC by around 6%. In colder countries, this impact is
reduced to less than +2%. At the same time, increasing Ucooler by 50%

resulted in increasing the MAC by around 2%, which indicates a non-
linear relationship between the two variables.

Similarly, a variation of +£50% is imposed on SICogc and SICapsc, and
in the case of KSA, SICogc variation marginally impacts MAC while
SICapsc variation is found to change it by around +10%. When applying
the same to colder locations, the assumed SIC values have a weaker
impact on the base case estimated MAC values but a more considerable
influence from SICorc compared to SICapsc values.

Therefore, it can be concluded from this analysis that in locations
where cooling will play a more significant role than the direct route for
WH conversion to power, it will be worthwhile to ensure that the used
values of SICppsc are as accurate as possible. For colder locations where
most of the WH will utilised with ORC systems, it is advised to verify
SICoRc further.

5. Conclusions

WHR and re-use or conversion and utilisation are appealing solutions
to industry as they can be employed to maximise the conservation and
promote the better use of energy resources, and can serve these in-
dustries by increasing their resilience to environmental sustainability
constraints and the economic impact of energy price volatility. A port-
folio approach to improving efficiency and reducing emissions espe-
cially benefits large, heat-intensive industries with diverse processes.
With this overall aim in mind, unconventional modelling techniques
have been discussed, and statistical and energy analysis methods
have been used to assess and estimate the potential role of selected
technologies in terms of their techno-economic performance, consid-
ering a portfolio of WHR opportunities based on a proposed data-driven
technology-agnostic approach.
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Table 8
Egug values for the for the proposed portfolio of the 3 solutions combined, for the different plant capacities in the five studied locations.
Plant capacity KSA UK China USA Germany
ton/year tCO,(eq.)/year
26 MW GT  125MWGT 26 MWGT  125MWGT 26 MWGT  125MWGT 26 MWGT  125MWGT 26 MW GT 125 MW GT
800,000 36,700 92,700 5,400 7,600 28,200 41,700 12.100 20,400 9,800 12,400
900,000 37,400 94,500 6,000 8,200 31,000 44,600 13,200 21,500 10,900 13,500
1,000,000 39,100 96,300 6,600 8,800 33,900 47,500 14,300 22,600 12,000 14,600
1,100,000 41,000 98,000 7,200 9,300 36,800 50,300 15,400 23,700 13,100 15,700
1,200,000 42,700 99,800 7,800 9,900 39,600 53,200 16,500 24,800 14,200 16,800
1,300,000 44,500 101,500 8,300 10,500 42,500 56,000 17,600 25,900 15,300 17,900
eliminates the need to make detailed design decisions, such as specifying
101 the working fluids and the configuration of these technologies, at this
early stage of technology screening. Hence, it is expected to accelerate
- 26 MW GT our understanding of the potential of available WHR opportunities. The
8 - - 125 MW GT method was applied to an olefins plant as a case study, representing the
= bulk chemicals industries, to assess the proposed portfolio of options to
© convert WH into power gained by reducing consumption or increasing
Qo 6 the production of existing assets.
\q'; For this study, it was found that a significant amount of WH from
£ olefins manufacturing processes worldwide is being rejected to the
~ environment without proper utilisation. Multiple options for WHR in
8 44 these plants were proposed, and many were found to be technically and
< financially feasible. The economic performance predictions showed that
6_“ the proposed portfolio of solutions is most attractive for an olefins plant
5 residing in the UK with a MAC of approximately —1,200 $/tCO2(eq.),
while the lowest MAC value was estimated in the KSA plant at around
1 —35 $/tCOz(eq.). From a PBT perspective, the estimated payback of
_ these solutions is between 1.5 and 8 years, depending on the location
0- and the size of the GT system being enhanced and integrated with the
KSA UK China USA Germany

Fig. 21. Estimated PBT for the proposed solutions when integrated with
different GT sizes.

The objective of this study was to investigate three approaches to
reduce power demand in bulk chemicals plants, represented by an ole-
fins plant as a case study, by (i) direct onsite power generation with ORC
systems; (ii) enhancement of existing gas turbine (GT) systems; and (iii)
reduction in power consumption by compressor efficiency improve-
ments through waste-heat-driven cooling. The results of the conducted
analysis demonstrate relatively strong relationships between simple
technology-agnostic thermodynamic performance predictions and data
provided by ORC and absorption chiller manufacturers. This approach
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olefins plant WH stream. Therefore, integration schemes involving
larger systems were found to typically outperform the direct routes of
WHR, i.e., a standalone WH-driven ORC system, in energy-intensive
industries. Additionally, it can be concluded that if the existing GT
system is less than 100 MW, and the interstage cooling of the
compression system cannot be further maximised, direct WHR into
power through ORGCs still represents an attractive option with payback
periods between 2 and 7 years for the considered tariffs.

Based on the conducted analysis in this study, it is recommended for
olefins plants owners or operators to explore further and potentially
invest in such technologies to recover as much as feasibly possible
quantities of the hot condensate generated from the steam cracking
process. The demonstrated analysis showed that these solutions are

01/01/2021 01/01/2022 01/01/2023

Fig. 22. CO price $/tCOx(eq.) in ETS of various location.
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AT i -0.9% [} 0.3% -0.1% 0.1%
U- -5.9% 21% -0.4%| [[0.1%
SIC . -10% 10% -0.7% 0.7%
AbsC
SICore 1 -1.6% 1.6% -1.7% 1.7%
ORC
T T T T T T T
Change in MAC of KSA plant scenario [%] Change in MAC of UK plant scenario [%]
AT i -1.6%| 1% -0.8% [J 0.4%
] -2.2% 0.8% -2.4% 0.9%
SICppsc -3.8% 3.8% -4% 4%
SICore -6.9% 6.9% -5.2% 5.2%
T T T T T T

Change in MAC of China plant scenario [%)]

Change in MAC of USA plant scenario [%]

Fig. 23. Impact of varying key assumptions on the MAC values at four different locations.

generally economically attractive and technically feasible. More spe-
cifically, a combination of direct and indirect conversion of hot
condensate into power is expected to provide better economic efficiency
relating to monetary investment for emissions reduction and energy
savings. The reason for that is that in most studied locations, the indirect
conversion of waste heat to power is limited by the lowest-achievable
cooling temperature, whilst the amount of available and recoverable
waste heat in most cases exceeds these limits.

Finally, a natural progression of this work would be to explore the
use of sub-zero cooling levels produced by the WH-driven chillers, the
impact of seasonality, and the caused off-design performance variations
on the overall techno-economic assessment of the studied technologies
in the different locations. Also, it is recommended to extend the analysis
for a specific olefins plant in a manner that shows the net power gain
using ORC systems as well as the emissions reduction potential as a
fraction of the current plant data. Both the plant total power con-
sumption and emissions are required to quantify the power gain and
emissions reduction potential against the current plant data. These
values strongly depend on the specificity of the process technology,
feedstock composition, and grid factor for the plant and cannot be easily
generalised in a similar manner as the amount of waste heat estimation
conducted in this work. Conducting this work in the future is ought to
provide a more sensitive look at the benefits of such systems. Further-
more, comparing the results of the data-driven technology-agnostic
approach with the detailed modelling approach would be valuable to
understand the limitation of such an approach compared to traditional
first-law modelling approaches. This includes a potential comparison
between the used costing models with comprehensive individual
component costing models.
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