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A new design methodology for the process synthesis of electrified energy systems, e-site
analysis, for the application of process industries, is presented, which allows the
systematic selection of electrified units in process levels and provides design guidelines
for the configuration of site utility systems. Different characteristics associated with the use
of power-to-heat technologies for thermal heating, compared with traditional heat supply
from the combustion of fossil fuels, are discussed in the context of process design and
site-wide utility management. The new design framework is developed for the
transformation of conventional steam-based utility systems to electricity-based ones.
The applicability of the proposed design method and its benefits from carbon-neutral
energy generation is demonstrated with a case study, which clearly illustrates the impact of
electrification on the design and operation of site utility systems in process industries.
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INTRODUCTION

The industrial sector contributes 23% of greenhouse gas emissions (IEA, 2020), which
demands urgent actions for industrial transformation to low-carbon manufacturing. As
70% of the energy consumed in process industries is provided by the combustion of fossil
fuels (Madeddu et al., 2020), considerable attention has been paid to electrification as a means
of a realistic option for industrial decarbonization. Although the implementation of CO2

capture technologies for energy and industrial sectors can effectively reduce CO2 emissions
from existing fossil fuel-based energy generation, about 50% of fuel consumed by the industries
is estimated to be replaced with electricity (McKinsey and Company, 2020), and the
electrification of industrial processing can play an important role for the significant
reduction of greenhouse-gas emissions.

The environmental benefits through the replacement of industrial heating from fossil fuels with
low-emission renewable electricity have been well acknowledged. A number of studies have been
carried out to estimate whether the potential of electrification existed (Lechtenbohmer et al., 2016), to
assess cost and performance of end-use electrification technologies (Jadun et al., 2017), to evaluate
applicability and TRL (technology readiness level) of electrification technologies (Berenschot, 2017),
to gain our understanding on techno-economic impacts of electrification (Schuwer and Schneider,
2018) or to suggest industry-specific guidelines for electrification (Beyond Zero Emissions Inc.,
2018). These studies are highly meaningful and instructive enough to justify sustainable initiatives
through the industrial uptake of electrified technologies as well as to foster the accelerated
accommodation of renewable electricity in process industries. Also, such knowledge and
information can be very useful for shaping a new direction of research and development
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roadmap to build a carbon-neutral society, and for setting up
policies and regulations related to carbon emissions.

However, previous studies mainly focused on top-level
assessment of industries, subject to electrification, which
mainly analyzed industry-wide potential related to the
implementation of electrification and estimated sector-wide
environmental benefits. There has been a lack of process
design knowledge for how site-wide heat and power
management is affected by the introduction of electrified units
at process level, as well as how the site-wide configuration of
electrified energy systems can be designed for the industrial site.

The cost-effective design and operation of industrial energy
systems is very important to ensure a company’s competitiveness
in the market because minimizing energy cost is one of the key
elements for the company to reduce operating cost. The design
methodology for saving energy consumption has been well
established. Such design methods enable systematic
identification of the most appropriate way of producing,
distributing, and utilizing energy, known as Site Analysis
(Smith, 2016), as well as provide practical guidelines for
recovering waste heat, known as heat integration or pinch
analysis (Kemp and Lim, 2020). These process-integrated
methods have been well proven with a large number of
successful case studies and are widely practiced during process
design activities for new process development or the
debottlenecking of existing plants (Klemes et al., 2018).
However, process design methods and its industrial
applications are based on fossil fuel-based utility systems in
which energy carriers, typically steam and electricity, are
generated from the combustion of fossil fuels and are
consumed at downstream processes.

Early study on site-wide energy management systems was the
extension of process-wide heat recovery problems to utility-
targeting problems with the aid of Energy Composite Curves
and Grand Composite Curves (Linnhoff et al., 1982) and, then,
the investigation of site-wide steam recovery using Site Steam
Source and Sink Profiles (Sun et al., 2015). These graphic-based
techniques are based on the graphical characterization of energy
demand and consumption, which is schematically manipulated to
assess thermodynamic limitations of energy recovery and to
evaluate the theoretical amount of steam generation and use.
The potential for site-wide steam recovery can be further
exploited with the possibility of additional power generation at
the expense of fuel consumption. The degree of cogeneration is
also determined with the selection of steam main conditions as
well as the configuration of steam turbine networks, which often
requires rigorous analysis and economic trade-off between fuel
consumption and capital investment (Sun et al., 2016).

With the development of computing power and optimization
solvers, those graphic-based methods had been evolved to
automated-design methods, which can accommodate a wide
range of complex design issues. Superstructure-based design
framework is an effective formulation for the design of site
utility systems, with which the optimal selection of units to be
employed and the configuration of steam networks can be
systematically determined (Smith, 2016). For the design of
utility systems, combinatorial choices among alternative

options should be made, which can be effectively dealt with
the application of optimization techniques (Aguilar et al.,
2007). Computational complexity for the design, for example,
thermodynamic calculations related to energy generation and
utilization, may not be readily accommodated in graphic-based
methods, and the consideration of nonlinearity in graphic-based
methods can be supplemented with the integration of process
simulators (Rena et al., 2017). Multiperiod scheduling approach is
taken to consider nonconstant patterns for users’ energy demand
and consumption (Leenders et al., 2021), or to find optimal
operating strategies considering demand uncertainty (Huangi
et al., 2021).

Although significant development in the design method for
industrial site utility systems has been achieved, attention has not
been fully paid to industrial electrification. Studies for integrating
renewable energy sources with industrial energy systems had
been reported, for example, the integration of industrial site
utility systems with urban energy networks (Perry et al., 2008),
which is then further studied in the context of planning for the
integration of external renewable energy sources with utility
systems (Liew et al., 2017). However, the studies discussed
above were kept with conventional fossil fuel combustion, and
the use of electrified units in the Heat Integration and Site
Analysis was not fully considered.

The introduction of electrified units in existing industrial
processes was addressed with the oil refinery steam systems, in
which possible options for electrification were screened, and
their impacts on steam and electricity balances were calculated
(Wiertzema et al., 2018). Their assessment framework was
further applied to the syngas production plant (Wiertzema
et al., 2020). However, their work presented case-specific
results of electrification and did not discuss in detail how
site-wide energy distribution should be managed and how the
site utility network should be configured under electrification.

The transformation of conventional production to
electrified processing had been investigated. Morgan (2013)
studied the techno-economic feasibility of renewable-powered
ammonia production in which hydrogen is supplied from
water electrolysis. Chen et al. (2019) examined the capture-
integrated CO2 hydrogenation process with electrified heat
pumping. Svensson et al. (2021) investigated the electric
calcination processes for the pulp and paper plant. Efforts
from the industrial community were also observed for the
decarbonization of chemical productions, for example, the
development of electricity-heated steam crackers (Duckett,
2021). The graphical targeting methods based on GCCs
were employed in Chen et al. (2019) and Svensson et al.
(2021); however, their investigation was rather limited to
the energy recovery for the specific individual plant, not to
the electrified energy systems for the industrial site having
several processes.

Overall, advances made in the design of electrified energy
systems in process industries have been rather limited because
generic design procedures for the site utility systems under
electrification have not been fully addressed. Also, most of the
work carried out for industrial electrification has been focused
on top-level analysis for the evaluation of sustainable benefits
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from electrification without full understanding of system-wide
design interactions existing for steam and power management
under electrification. Hence, this work aims to provide
systematic design methods, referred to as “e-Site Analysis,”
for the process synthesis of site utility systems under
electrification, with which the configuration of electrified
site utility systems as well as strategies of site-wide energy
management can be determined. With the new design method,
design interactions between process-level energy recovery and
site-level energy distribution under industrial electrifications
can be evaluated in an integrated manner, while design
guidelines can be provided for the implementation of
electrification technologies in practice. First, the paper will
be explaining the concept of electrified utility systems,
compared with traditional fossil fuel ones. This is then
followed by new design methods proposed in this work,
which describes strategies for the implementation of
electrified units with fossil fuel-based one for process
heating and step-by-step procedures for the construction of
electrified utility systems. Finally, the proposed design method
is applied to the industrial-scale case study, and several issues
to be further considered for the development of e-Site Analysis
are discussed.

INDUSTRIAL UTILITY SYSTEMS

Conventional Utility Systems
Typical site utility systems are schematically illustrated in
Figure 1, in which the combustion of fossil fuels is made to

produce heat and to cogenerate power. The heat may be directly
supplied via furnaces for the process when heat supply should be
made at a higher temperature than the level of high-pressure
steam. The steam is generated from either a boiler or a heat
recovery steam generator (HRSG). Power or electricity is
produced by steam turbines or gas turbines. Based on the
steam balances between steam demand and consumption in
downstream processes, the amount of steam produced from
site utility systems is determined. If additional power is
required from the site, additional steam is produced and
expanded through steam turbines. The number of steam
mains and its operating conditions are selected through
economic trade-off between energy cost and capital investment.

The design of site utility systems is typically carried out with
Site Analysis methods, which is illustrated in Figure 2. The
industrial site consists of several processes. Each process has
different heating and cooling requirements at different
temperatures. For example, Process A in Figure 2 needs HP
(high pressure) and LP (low pressure) steam, while MP (medium
pressure) steam is to be supplied for Process B. Also, steam
generation at the process level can be considered for Process B in
Figure 2. Site-wide investigation of steam usage is done with the
construction of Energy Composite Curves (ECCs) based on
process stream data, with which Grand Composite Curves
(GCCs) are then obtained. Theoretical minimum requirements
of hot and cold utilities for the process at a given minimum
approach temperature, ΔTmin, can be estimated. The levels of hot
utilities and cold utilities to be supplied and their duty are
determined, subject to steam main conditions. This steam-level
targeting method is applied to all the subprocesses of the site and

FIGURE 1 | Traditional site utility systems in process industries.
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these targeting results are collectively combined and used to
create Site Composite Curves (SCCs), which represent site-
wide characteristics of steam demand and consumption. With
SCCs, the site-wide profiles of steam generated by the processes
and steam required by the processes are obtained. As shown in
Figure 2, two profiles are overlapped, and the gap between two
profiles is minimized, which allows to determinemaximum steam
recovery for the site.

After the amount of steam recovery for each steam level is
determined, the steam production required from the whole site is
estimated, which is implemented for the design of site utility
systems. Steam balances are set up for steam mains, which
provide steam flowrate to be exchanged through steam mains.
The number and types of steam generators and steam turbines are
selected, which often requires very rigorous optimization with
detailed investigation of economic impact. These process-
integrated design procedures are well established, and more
details can be found from various references. Design
methodologies for heat integration and site analysis are well
established, which can be found from various references
including Kim and Smith (2005), Smith (2016) and Kemp and
Lim (2020). More specific topics on the design of site utility
systems are addressed by Varbanov et al. (2004) for the process
modeling of utility equipment and systems, Iyer and Grossmann
(1998) for the mathematical optimization of utility systems,
Aguilar et al. (2008) for the consideration of reliability and
availability for the design of flexible utility systems, Sun et al.
(2015) on the evaluation of steam cost, Hirata et al. (2004) on the
multisite integration of utility systems, etc.

Electrified Utility Systems
The industrial utility systems can be transformed through
electrified equipment, which utilizes electricity as a main
source of energy supply. Various types of electrified equipment
are available in industries, and electrified heating can be directly

FIGURE 2 | Conventional site analysis.

FIGURE 3 | Illustration of heat supply with electrification technologies.
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or indirectly applied, covering a wide range of temperatures. For
relatively low or medium temperature, either an electric heater
may be used for direct heating, while steam generated from an
electrode boiler can be used. For high temperature, electric
furnaces (or equivalent units based on either induction
heating, infrared heating, plasma heating, resistance heating,
etc.) can be used. Heat pump is another technology to be used
as a means of heat supply through the upgrading of low-grade
heat available in the site.

GCCs (Grand Composite Curves) can be used for the selection
of electrification technology by evaluating the temperature level
of heat and its duty required for the process and matching it with
the temperature level of heat supply available. Figure 3 shows an
illustrative diagram on how electrified units can be selected for
the given GCC. For the illustration purpose, the electric heater is
selected for the lower temperature range and the electrode boiler
for the medium temperature. However, the selection of types and

numbers of electrification units for process heating requires
rigorous investigation of economics and practical issues. Also,
the introduction of heat pumping is only considered for small or
moderate temperature lifting through heat pumping, as a large
degree of temperature lifting through vapor compression may not
be economically attractive.

When the steam is produced and distributed as a main energy
carrier under traditional fossil fuel-based utility systems, steam
generation from waste heat is considered as much as practically
possible. Under electrified utility systems, it is more logical to
generate the electricity from waste heat sources, which is an
additional source for fulfilling electricity demand on the site. One
of promising options is the introduction of ORC (Organic
Rankine Cycle) which utilizes low grade heat available from
processes, as shown in Figure 4. Capital investment related to
the ORC should be taken into account when economic gains from
additional electricity generated is to be evaluated.

When the choice of design options under electrification is
made for all the processes of the site, fully-electrified utility

FIGURE 4 | Power recovery under electrified energy management.

FIGURE 5 | Electrified utility systems.

FIGURE 6 | Difference in temperature driving force between steam-
based heating (A) and electrified heating (B).
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systems can be graphically illustrated with Figure 5, in which the
electricity main is the main route to supply and distribute an
energy carrier–Electricity. The electricity generated from the
process can be distributed through the electricity main, which
is then interacted with the external grid for further electricity
exchange. The choice of electrification technologies is specific to
the characteristics of energy demand and heat recovery.

Although the use of steam through the electrode boiler may be
required under the electrified utility systems, the full electrification of
utility systems can be materialized in principle. It will be a much
simpler configuration for electrified utility systems, as steam-based
utility systems requiremultiple-steammainswhich are interconnected
with a number of steam generators and steam turbines. Also,
electrified utility systems can be inherently less complex because
supplementary facilities, for example, boiler feedwater systems,
condensate return systems, etc., required for operating steam-based
systems can be avoided.

As illustrated in Figure 6, the additional benefit of heat supply
from electrified heating is simplicity in the design of heat exchanger
networks of downstream processes investigated by Kim et al. (2022).
They addressed that the design of heat exchanger networks is likely to
be complex with a potentially large number of exchangers when the
multiple levels of steam supply are used under steam-based utility
systems.

PROCESS DESIGN OF ELECTRIFIED
UTILITY SYSTEMS

The design of site utility systems is applied for a medium-sized
industrial refinery, which consists of seven processes. The stream
data analyzed in this work are taken from the case study of Son
et al. (2022), which was originally based on the work of Fraser and
Gillespie (1992). Stream data for seven processes are provided in
the Supplementary Information. Site utility systems are
conceptually designed with electrification scenarios as well as
the traditional one based on fossil fuel combustion.

Design of Conventional Utility Systems
The following design procedure is applied for the case study when
site utility systems based on conventional steam-based energy
supply is to be designed.

1) Process stream data are gathered and validated. The number
of steam mains and its operating conditions are selected.

2) With process stream data, Energy Composite Curves (ECCs)
for each process are constructed, subject to ΔTmin, which
allows to identify theoretical maximum energy recovery
feasible for the process.1

3) Grand Composite Curves (GCCs) are constructed for all the
processes, based on ECCs obtained.

4) The levels of steam to be supplied and their duty for each
process are identified.

5) The duty of the furnace is determined for high-temperature
heating in which the use of the steam at the highest
temperature level is not feasible.

6) The levels of steam to be generated and their duty are
identified with waste heat available from process streams
as well as the exhaust gas stream of the furnace.

7) The unrecovered waste heat is discharged to the cold utility
available from the site.

8) Utility systems are configured with a single boiler and the
number of steam mains chosen. A single turbine is used for
the expansion of steam between steam mains.

9) Steam balances are set up for steam mains considered, and
the minimum steam flowrate to be generated from the boiler
is identified.

10) The steam flowrate to be generated from the boiler is
increased, until the overall power demand or requirement
for the whole site is satisfied.

11) The configuration of site utility systems may be further
evolved to allow multiple steam generators and steam
turbines, including gas turbines. Also, the arrangement of
the steam turbine network may be further evolved to
accommodate multipass turbines. The introduction of
additional steam mains or the exclusion of one of steam
mains defined in Step (1) may be considered for improving
overall economics of site utility systems2.

The following design basis and assumptions are introduced for
the calculation of material and energy balances for the site utility
systems based on conventional steam-based energy supply:

• A1) A 10°CC of minimum temperature approach (ΔTmin) is
assumed for heat recovery3. Heat recovery between process
streams is limited within the single process considered. This
means that no heat recovery between a process and another
process is allowed.

• A2) Three types of steam are available: high pressure (HP)
steam at 400°C and 42 bar(a), medium pressure (MP) at
287.3°C and 15 bar(a), and low pressure (LP) at 171°C and
4 bar.

• A3) A 10°C of minimum temperature approach is assumed
for site-wide steam generation and recovery. The level of
steam use and consumption is targeted against the saturated
condition4. Steam generation is maximized with waste heat
available from a single process only, not frommore than two
processes together. Also, a single level of steam at the
highest-pressure level allowed is selected for steam
generation from the process. When more than one steam

1It should be noted that the actual amount of energy recovery for the process is less
than the maximum one in practice, due to practical limitations or constraints
existing for heat recovery systems.

2This step is not considered in this study, which requires rigorous process modeling
and optimization of site utility systems.
3The selection of an optimal ΔTmin value is highly case specific, which requires
rigorous economic trade-off between energy and capital cost for exchangers. This
issue is beyond the scope of the work presented.
4The superheated conditions and BFW (boiler feed water) heating are considered
during targeting, not to have any temperature violation against GCCs.
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level is utilized by the process, the usage of lower pressure
steam than higher pressure steam is maximized.

• A4) A 20°C of desuperheating is assumed for the
temperature of superheated steam consumed at the
process, which accounts for energy loss during steam
distribution.

• A5) The configuration of site utility systems is simplified as
a single unit is considered for steam and power generation,
without evaluating degrees of freedom in process design
related to multiple steam generators and steam turbines.
The use of desuperheaters is not considered, although its use
in industries is common. This is because the let-down
equipment is used for improving the operability of steam
distribution networks under potential steam imbalance.

• A6) Boiler feed water is assumed to be available at 100°C.
Boiler feed water systems are not considered, including
LP steam demand for deaeration and condensate loss, as
the study is focused on highlighting configurational
difference between electrified utility systems and
conventional one.

• A7) Site power-to-heat ratio, which characterizes site-wide
ratio of power (or electricity) demand to steam demand, is
assumed to be about 0.275. This value is selected as a survey
of 96 mainstream EU refineries reported the site power-to-
heat ratio in the range of 0.09 and 0.38 (CONCAWE, 2012).

• A8) The theoretical flame temperature for furnaces is
assumed to be 2,200°C. The waste heat recovery from
exhaust gas stream down to 150°C is assumed to be
feasible, which is related to practical limitation, known as
the acid dew point.

• A9) The unrecovered heat from the process is discharged to
the cold utility. The process design of cold utility (i.e., the
types, levels, and duty of cooling medium) is not considered
in this study.

• A10) The energy efficiency of a steam boiler and a furnace is
assumed to be 90%, while that of stream turbines is 75%.

Numerical calculation for steam balances and power generation
of steam turbines is made with the aid of a commercial simulator
Unisim®. The superheated steam conditions defined in Assumption
A2 and the boiler feed water temperature assumed in Assumption
A6 are employed for the calculation of steam generation flowrate in
t/h from heat available in MW with Unisim®. When the steam
flowrate required from processes is to be determined, the degree of
desuperheating assumed in Assumption A4 is additionally
considered with the superheated steam conditions of A2. Results
of Site Analysis from Process one to Process seven is given in
Figure 7, which shows Grand Composite Curves for all the seven
processes and the results of utility targeting under conventional
steam-based utility management. Utility targeting in this study is
carried out with the basis for minimizing energy cost as the use of
less expensive utility is maximized as much as theoretically possible.
Figures 7A–G show the selection of hot and cold utilities to be used
and their relevant duty. Furnaces are introduced for Processes three
to seven for process heating at high temperature. Steam generation
from exhaust gas streams of furnaces for Processes 3, 4, and 6 are
considered, while steam generation from exhaust gas streams for

Processes five and seven are not considered due to its relatively very
small duty available.

Practical limitations or constraints related to the site-wide
distribution of steam and/or the steam generation at process level
may exist, and the implementation of such issues results in
increases for the use of more expensive utilities, compared
with the target presented in Figure 7. For example, the use of
MP steam for Process 6 may not be favored, due to design
complexity involved in steam supply and its integration within
the heat exchanger network, and the additional use of HP steam
can be seen as a more practical alternative.

The steam generated from the processes are gathered, which
are then distributed to processes through steam mains as
illustrated in Figure 7H. Overall heating demand for the
whole site is estimated as 86.35 MWth, which includes heat
duties of furnaces and steam supply. The 90.43 t/h of HP
steam generated from the boiler is the flowrate required to
generate 23.65 MWe of power from three turbines, which
results in the site-wide power-to-heat ratio of 0.274.
Additional generation of HP steam and its use for power
generation is feasible, which is widely practiced in process
industries, although this design issue for increasing site-wide
cogeneration is not addressed in this study.

Design of Electrified Utility Systems
The following design procedure is applied for the design of site
utility systems under full electrification:

1) Process stream data are gathered and validated, which are
then used for constructing Energy Composite Curves (ECCs)
and Grand Composite Curves (GCCs) for each process,
subject to ΔTmin.

2) The levels of electrified heat supply and their duty for each
process are identified. The duty of an electrified furnace is
determined for high-temperature heating in which the use of
an electric heater or HP steam generated from an electrode
boiler is not feasible.

3) If heat supply with heat pumping is feasible, the levels of low-
grade heat to be utilized and the heat to be supplied from heat
pumping are selected, and their duty is determined.

4) The amount and the temperature level of heat to be recovered
from Organic Rankine Cycle (ORC) are determined. When
the temperature range for waste heat is considerably large, the
use of waste heat at multiple levels for ORCs is considered.

5) The unrecovered waste heat is discharged to the cold utility
available from the site.

6) Utility systems are configured with a single electricity main,
which is connected with electrified heaters and furnaces of
processes as well as ORCs.

It should be noted that the design procedure above is based
on the scenario in which the non-electrified energy sources can
be fully replaced with electricity for the process. When fuel
streams generated from hydrocarbon processing are available,
and these by-product fossil fuels should be used within the site,
non-electrified units are selected, together with electrified ones
in Step (2). Also, the design procedure above is based on the
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design of site utility systems for a grassroot scenario, not a
retrofit of existing plants.

When conceptual design procedures described above are
carried out, three assumptions made for the design of
conventional utility systems, namely, A1, A6, and A9, are
applied. Further design bases with different assumptions given
below are introduced to determine material and energy balances
of electrified utility systems.

• B1) When process heating above 253.2°C (i.e., saturated
condition of HP steam considered in the Design of
conventional utility systems section) is involved, the
electrified furnace is selected. Otherwise, electric heaters
are selected.

• B2) When electric heaters are utilized, the temperature
levels for heaters are assumed to be at three steam main
conditions considered in the Design of conventional
utility systems section.

• B3) The use of electrode boilers is not considered in this case
study, as the full electrification of the heat supply is intended
without using any kind of steam-related utilities. It should
be noted that the electric heaters identified from utility
targeting can be, in principle, interchangeable with heat
supplies from electrode boilers.

• B4) When the potential for heat pumping exists, the
temperature lifting of 50 °C is initially considered. The
temperature lifting of heat pumping is also selected such
that either the amount of heat used for process heating or
that of heat recovered from waste heat is maximized. When
the relative difference between these two heat duties is very
large, temperature lifting is reduced to be 30°C or increased

to be 70°C, depending on the shape of the GCC around the
pinch point. COP (coefficient of performance) for heat
pumping with 30, 50, and 70°C of temperature lifting is
assumed to be 6.1, 4.3, and 2.5, respectively, which is based
on the study of Arpagaus et al. (2018).

• B5) When waste heat above 110°C is available, power
generation from ORCs is considered. Four different fluids
are considered to cover different temperature levels of waste
heat to be recovered by the ORC. Butylbenzene is used
above 250°C, toluene above 200 C, n-pentane above 150°C
and HFC-245fa above 110°C. These fluids are selected such
that the critical temperature of fluid is well above the
temperature of waste heat to be used. When the multiple
levels of ORCs are introduced for a single process, the
temperature of waste heat to be rejected to the ORC
given should be maximized, and the amount of heat to
be rejected to the ORC is determined by considering the
shape of GCC, for example, the position of kink points5.

• B6) The amount of electricity generated from the ORC is
based on the following equation6:

RORC � WORC

QORC
� 0.025TCRI + 10.947 (1)

FIGURE 7 | Result of Site Analysis for the case study: Grand Composite Curves (GCCs) with utility targeting for [Process 1 (A)–Process 7 (G)] and a simplified site
utility system (H).

5A wide range of working fluids are available for temperatures up to 300°C
(Arpagaus et al., 2018), and the selection of a working fluid for ORCs, together
with determination of optimal operating conditions, should be made with rigorous
thermodynamic analysis and optimization study.
6As the energy efficiency of ORCs strongly depends on the configuration of
working cycles and its operating conditions, rigorous process modeling and its
evaluation are required to obtain accurate estimation of electricity generated.
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where, TCRI is the critical temperature of the working fluid in °C,
and RORC is the ratio of the amount of electricity generation
(WORC) to that of heat utilized (QORC). Eq. 1 is the average
performance equations from two regression equations, which are
fitted to two sets of performance data of ORCs reported in Lai
et al. (2011) and Barse and Mann. (2016).

• B7) The configuration of electrified utility systems is based
on a single electricity main, in which electricity is exchanged
and distributed throughout the site.

With application of conceptual design procedure and design
basis, the electrified energy supply schemes for individual
processes are schematically illustrated in Figure 8, in which
electrified furnaces, electric heaters, and heat pumps are used
as a means of heat suppliers. Figure 8 also shows the potential of
electricity generation from ORCs at multiple levels. It should be
noted that the number of ORCs to be introduced may be reduced,
or one single ORC can be used to accommodate multiple levels of
heat rejection from heat sources of processes streams, although
this design option is considered to be one of future work.

The finalized electrified utility systems are given in Figure 9,
which is compared with conventional steam-based utility
systems. In addition, Figure 9A shows site-wide generation
and distribution of steam via conventional utility systems
under specific power-to-heat ratio, while Figure 9B shows
site-wide electricity balances for electrified utility systems with
no external electricity exchange assumed.

The results of utility targeting under electrification presented
in Figure 8 can be further updated with the evolution from initial
decisions made for the selection of electrified heat supply options
of process heating as well as the determination of heat duty for
electrified units. For example, the electric heater may be replaced
with electric furnaces or other electrified technology, and heat
pumping may not be introduced, due to capital expenditure.
ORCs may not be favored when economic advantages from
electricity generation at the expense of design complexities are
not fully justified. Also, steam can still play a certain role under
electrification, when electric heaters for process heating at low
and medium temperature range can be replaced with electrode
boilers.

The most important benefit of industrial electrification is to
support carbon-free energy infrastructure with the use of
renewable electricity. Additional benefit for electrified utility
systems is to allow much simpler configuration for the site
utility systems, which will enhance operability in energy
production and its distribution, as illustrated in Figure 8.
Differences between conventional utility systems and
electrified ones are summarized in Table 1. Under the full use
of renewables for electrification of the site, significant reduction in
CO2 emissions can be achieved.

Issues to be Discussed
The process design and synthesis procedures are proposed in this
work, with which the configuration of site utility systems can be
systematically established. This is rather a first-of-a-kind
methodology proposed, which requires research areas to be

FIGURE 8 | Result of e-Site Analysis under electrification for the case study: GCCs with electrified utility targeting for [Process 1 (A)–Process 7 (G)].
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further investigated and additional features to be evaluated in a
holistic manner.

• Techno-economic analysis: The environmental benefit for
CO2 reduction through electrification should be judged against
increase in capital investment for the replacement with
electrified units. Although the case study presented gives
overall features of site utility systems under electrification,
economic impacts related to the full implementation of
electrification technologies to the industrial site have not
been thoroughly and rigorously evaluated. This is mainly
related to lack of reliable costing data for electrified units
and system components related to industrial electrification, as
the electrification technologies are still in the early stage of
development or do not have sufficient track records in
industrial practices. Detailed economic evaluation of
electrified utility systems is required to understand system-
wide economic trade-off between capital cost and operating
cost, with which the adequate selection of electrification
technologies and its appropriate sizing of equipment can be
made with optimal consumption of fuels or energy.

• Design of heat recovery systems: Site-wide supply of
process heating and discharge of waste heat from
processes are heavily dependent on the degree of heat
recovery within the process. For individual processes, the
heat recovery is typically envisaged through the design of
HEN (heat exchanger networks) in which the number of
exchangers and their duty as well as their connectivity
between exchangers are determined, typically through
rigorous optimization study. Based on the design of
HEN, the quality and quantity of hot and cold utilities to
be supplied are confirmed. Therefore, the design of site
utility systems is inevitably interacted with those of HEN for
subprocesses. The heat recovery systems of seven processes
in the case study are assumed to achieve theoretical
maximum energy recovery, which is used as a design
basis for electrified utility systems. As commented in the
previous section, it is not anticipated that the full heat
recovery is implemented in real practices. This indicates
that the capacity of unit operations and energy demand of
utility systems presented in the case study are likely to be
increased.

FIGURE 9 | Impact of electrification for site utility systems to Comparison between (A) conventional utility systems and (B) fully-electrified utility systems.

TABLE 1 | Impact of electrification for site utility systems.

Utility systems Conventional Fully electrified with
renewables

Fuel consumption for boiler 77.98 MWth [-]
HP steam generation 90.43 t/h [-]
Furnace duty 84.87 MWth [-]
Electricity generation 23.65 MWe (steam turbine) 5.62 MWe (ORC)
Electricity consumption 23.65 MWe 54.21 MWe

External electricity supply 0 MWe 48.59 MWe

CO2 emissions (based on coal)a) 447.32 ktCO2/year [-]b)

CO2 emissions (based on natural gas)a) 267.15 ktCO2/year [-]b)

aCO2 emission factor for coal = 93.6 tCO2/TJ, CO2 emission factor for natural gas = 53.9 tCO2/TJ (Juhrich, 2016), operating hours = 8,600 h/year.
bRenewable sources used for electricity generation are assumed.
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• Combined heat and power: The level of cogeneration in
conventional utility systems is a very important factor to be
determined for energy management, which is often
characterized with the site-wide ratio of power to heat,
known as R value. This R value represents the
effectiveness of fuel for cogeneration, which allows
engineers to examine any opportunities for fuel
savings through operational improvements or to
develop strategies for cost-effective debottlenecking
(Kimura and Zhu, 2000). Although the presented case
study is based on a typical R value, it should be noted
that the choice of R value is very site specific and case
dependent, and the selection of R value involves site-
wide assessment of utility and energy management. The
level of cogeneration had been traditionally determined
mainly from the stand-alone assessment of energy
demand for the site. However, interactions with
external energy prosumers, for example, the export of
low-grade heat from the site to the local district heating
network, or the import of renewable electricity from the
external sources, are expected to be increased, which will
be an important factor for future electrified energy
systems in process industries.

• Internal fuel generation: In petrochemical industries, a
wide range of hydrocarbon streams are produced as
byproducts from the result of various cracking and
conversion processes. These streams are limited to be
upgraded or be utilized further, other than to be used as
fuels for energy generation. The fuel consumption and fuel
mix in petrochemical processes strongly depends on the
refinery configuration, and the type, yield and quality of a

range of refining products. Most petrochemical plants are
operated with the consumption of external energy input, as
the amount of fuels internally generated within the site is
not sufficient (Brueske et al., 2012). This indicates that 100%
of electrification may not be achievable for the certain type
of process industries when byproduct fuels generated from
internal processing should be consumed within the site. The
industrial electrification for such cases is illustrated in
Figure 10, in which the electrified processing coexists
with conventional processing heating based on internal
byproduct fuels, for example, refinery fuel gas or
petroleum coke.

• Process steam use: The complete exclusion of steam may
not be practically feasible for a certain processing, in which
steam may be used as process streams, not utility streams,
for example, steam used as a part of feed stream for a
reactor, or steam used as a stripping agent. The generation
of steam through waste heat recovery as illustrated in
Figure 10 or from the electrode boiler can be considered
under electrified utility systems.

• Practical constraints: The current study does not fully
accommodate any practical issues, for example, limitation
of plant layout, operational preference for simple network
configuration, etc. Such issues can be very critical for retrofit
scenarios, in which gains from the introduction of new units
should be economically viable enough to justify the
replacement or modification of existing units. As a kind-
of-first attempt for proposing a new design framework, the
methodology presented in this paper does not consider
issues of RAM (reliability, availability, and
maintainability) related to the management of site utility

FIGURE 10 | Illustration of electrified utility systems with the internal use of byproduct fuels.
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systems, for example, the introduction of additional units as
standby units for potential failure, the consideration of spare
units or additional capacity for improving availability, etc.
As there are many rotating machines to be used in process
industries, another benefit of electrification can be
improvement in process availability through more use of
electric drivers.

CONCLUSION

Site-wide energy management of process industries under industrial
electrification is addressed to gain our conceptual understanding for
the design and operation of electrified utility systems, compared with
conventional fossil fuel-based utility systems. Impact of electrified
units on the overall energy production, and its distribution through
utility systems is discussed. e-Site Analysis, a new design method for
the process synthesis of utility systems under electrification, is
proposed, with which the generation, utilization, and distribution
of electricity, as a main energy carrier, in process industries can be
practiced for process industries. The applicability of new design
frameworks for industrial utility systems is illustrated with a case
study, with which conceptual insights for the transformation to
future electrified energy systems in process industries are gained.
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