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Abstract

Improving energy efficiency and reducing carbon emissions have become critical challenges
in urea production, motivating increased interest in recovering mechanical energy within
the process. This study develops a superstructure-based work exchange network with
direct work exchangers to analyze mechanical energy recovery in urea synthesis. The work
integration (WI) method is evaluated for single-, double-, and triple-stage configurations
across different production capacities and compared with a conventional HPRT-based
system. Results show that WI consistently outperforms HPRT in both energy recovery
and CO; reduction. The single-stage configuration achieves the highest energy recovery,
reaching 8448 MWh/year at 3710.83 t/day, an 18.8% improvement over HPRT. Wind
power has the lowest carbon intensity, and emission reduction increases with production
capacity. The largest absolute CO, reduction occurs in the single-stage case, while the
greatest relative improvement (up to 41.1%) is observed in the three-stage configuration.
Overall, WI significantly enhances energy efficiency and environmental performance in
urea production.

Keywords: urea synthesis; carbon capture technique; work exchange network; emissions
reduction; mechanical energy recovery

1. Introduction

Urea ((NH;),CO) is one of the most widely produced organic chemicals worldwide.
In 2025, the global urea market was valued at approximately USD 79.73 billion and is
projected to reach USD 104.88 billion by 2034, with a compound annual growth rate of
3.90% [1]. Beyond its dominant role in agriculture, urea is widely used in various industrial
applications due to its favorable properties, including high water solubility, low toxicity,
low volatility, and high hydrogen content [2]. These characteristics facilitate its storage and
transportation and make it a promising candidate as a hydrogen carrier and a potential fuel
for fuel cell systems [3]. In addition, urea is utilized in diesel engine emission control [4],
plastics manufacturing [5], and fungicide production [6]. Despite the continuous growth
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in demand, industrial urea production still relies primarily on the conventional synthesis
route, in which ammonia (NHj3) reacts with carbon dioxide (CO;) at temperatures of
170-220 °C and pressures of 125-250 bar [2]. This process is carbon-intensive: producing
one ton of urea requires approximately 0.73 tons of CO, and is associated with around
1.5 tons of CO, emissions [7]. Consequently, the traditional production pathway still faces
sustainability challenges due to its heavy reliance on fossil resources and high levels of
CO; emissions [8].

Integrating and intensifying process operations in urea synthesis offers an effective
way to reduce energy consumption and lower overall carbon emissions [9]. One example
is the ultra-low energy (ULE) retrofit, which improves steam system design and process
configuration to enhance heat recovery while overcoming limitations related to temper-
ature differences and corrosion. For instance, the introduction of a dual-tube bundle
reactor—where the inner bundle generates low-pressure steam and the outer bundle pro-
motes carbamate decomposition at medium pressure—enables more efficient, staged use of
energy [10]. As a result, ULE systems can significantly reduce steam and cooling water de-
mand, and have already been implemented at an industrial scale in China [11]. In addition,
integrated production schemes further improve resource efficiency. In urea—methylamine
co-production, unreacted NHj is redirected to a methylation unit for methylamine syn-
thesis, enabling process integration within a single system [12]. Similarly, urea-melamine
integration recovers NH3- and CO,-rich off-gases from melamine production and recycles
them into the urea synthesis loop, forming a closed-cycle system. Since urea is a key feed-
stock for melamine, this approach also enables flexible production adjustments in response
to market demand [13].

Work integration (WI) is a form of process integration that enables the recovery and
reuse of mechanical energy by transferring pressure energy from high-pressure streams to
low-pressure streams. Such energy transfer can reduce external compression or pumping re-
quirements and thereby improve the overall energy efficiency of industrial processes. From
a methodological perspective, work exchange network (WEN) synthesis has often been
formulated as a mathematical optimization problem. To improve model tractability, many
studies [14-16] adopt simplifying assumptions, such as ideal gas behavior, reversible or
isothermal compression/expansion, and single-phase process streams. These assumptions
are useful for conceptual network design, but they may limit the accuracy of performance
evaluation when the method is applied to real industrial systems involving non-ideal
thermodynamics, multiphase behavior, and complex operating constraints.

Work exchange can be realized through direct or indirect devices. Direct work ex-
change devices (DWEDs) transfer mechanical energy between high- and low-pressure
streams through two parallel displacement chambers, enabling pressure exchange without
intermediate conversion to shaft work or electricity [17]. In 1996, Huang and Fan [18] intro-
duced the concept of WEN and proposed criteria for matching process streams, providing
an early foundation for systematic WI. Zhou et al. [14] applied pinch analysis to WENs
based on direct work exchangers and used a problem table approach to estimate minimum
work requirements. Their results, however, relied on the simplifying assumption that the
source pressure is always higher than the sink pressure, providing only approximate values
and omitting detailed network design and stream matching. Zhuang et al. [19] further
advanced the methodology by introducing an improved graphical approach using pressure
index-work (u-W) diagrams. By constructing modified composite curves for source and
sink streams, this method allows the analysis of WEN under isothermal, isentropic, and
variable process conditions. Amini-Rankouhi and Huang [16] proposed a thermodynamic
approach to maximize recoverable mechanical energy, developing a pressure interval
matrix to evaluate system potential. However, this method does not optimize the WEN
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structure. In parallel, indirect work exchange devices have also been investigated. In such
devices, pressure energy from a high-pressure stream is first converted into shaft work or
electricity through a turbine and then used to drive a compressor or pump for pressurizing
a low-pressure stream [20]. Typical examples include single-shaft turbine—compressor
(SSTC) and hydraulic power recovery turbine (HPRT). Razib et al. [21] developed a multi-
stage superstructure model for matching high- and low-pressure streams in SSTC-based
networks, with the objective of minimizing total annualized cost. However, the use of
linear cost functions limits the accuracy of economic evaluation. Du et al. [22] proposed a
method based on a transshipment model for synthesizing indirect WEN, which benefits
from the computational efficiency of linear programming. Nevertheless, its reliance on
assumptions such as ideal gas behavior and isothermal reversible compression restricts
its practical applicability. Feng and Chen [23] introduced matching rules for pressurized
and depressurized streams based on both energy and economic considerations, but the
heuristic nature of the method limits its applicability to large-scale and complex systems.

Application of WENSs in real industrial processes remains limited. Deng et al. [24] de-
veloped a pinch-based WEN and compared direct and indirect work exchange schemes in
a Rectisol process, showing clear energy-saving potential, although phase change behavior
was neglected. Rossi et al. [25] investigated the application of HPRTs in an Italian refinery
for H,S removal and reported an annual energy recovery of approximately 2966 MWh.
The authors further explored the potential of this HPRT technology in urea synthesis, con-
sidering energy recovery efficiency, environmental benefits, and economic feasibility [26].
More recently, Lan et al. [27] developed a superstructure-based WEN using DWEDs and
applied it to cryogenic distillation for CO, capture, demonstrating its effectiveness in re-
ducing energy consumption and carbon emissions. Nevertheless, the systematic design
of a superstructure-based direct WEN for mechanical energy recovery in urea synthesis
processes has not yet been fully explored, particularly under realistic operating conditions
derived from process simulation. This gap motivates the present study.

This study focuses on mechanical energy recovery in urea synthesis processes. The
remainder of the paper is organized as follows. Section 2 describes the configuration of
the urea synthesis process. Section 3 introduces the work recovery methods. Section 4
presents the application of work recovery techniques to the process, along with results and
discussion. Finally, Section 5 provides the conclusions.

2. Urea Synthesis Process

The industrial urea production process can be divided into three main stages:
(i) the synthesis section, where NH3 and CO, react under high-pressure conditions
(200-250 bar) to produce urea, while unreacted NH3 and CO, are simultaneously recovered
and recycled; (ii) the purification section, which operates at medium and low pressures
(3-21 bar) to separate and recover excess NHs, CO,, water, and ammonium carbamate,
thereby increasing the urea concentration; and (iii) the concentration and finishing section,
where the urea solution is further concentrated to high purity and converted into solid
products for storage and commercial use [28].

Figure 1 provides a simplified schematic of the industrial urea production process,
with this study focusing primarily on the first two stages. The flow diagram of the urea
synthesis and purification sections is shown in Figure 2. The high flow rates of NH3; and
CO,, combined with the elevated pressures in these sections, present significant potential
for mechanical energy recovery within the process.
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Figure 1. Urea synthesis process block diagram.

a4
i
-
-

MIX

NH3 PUMP
Y L
CO2 HE (
COMP

REAC-1

N\
¢

F

g Pump D Compressor E:) Heat exchanger @ 2NHz + cCO2 —> CARBAMATE
£ )

Reactor D Sep
L

@ CARBAMATE — UREA + H20
arator q Mixer  plq Valve © CARBAMATE — 2NH3 + CO:2

Figure 2. Urea synthesis and purification section flow diagram.

Urea synthesis proceeds through two consecutive reactions. In the first step
(Equation (1)), NHj reacts with CO, in reactor REAC-1 to form ammonium carbamate in
the liquid phase. In the second step (Equation (2)), ammonium carbamate is dehydrated in
reactor REAC-2 through an endothermic equilibrium reaction to produce urea.

2NH3 + C02 — NH4COONH2 (1)

NH4;COONH; < NH,CONH, + H,O 2)

In the purification stage, the main objective is to recover unreacted components and
improve product quality under medium- and low-pressure conditions. The urea solution
leaving the synthesis section is first depressurized through turbine TURB-1, reducing
its pressure from high synthesis conditions to the lower levels required for purification.
This pressure reduction promotes the separation of NHj3, CO,, water, and ammonium
carbamate. During this step, the released NH3 and CO; are separated from the liquid
in a phase separator (SEP-20) and recycled back to the synthesis section. Meanwhile,
ammonium carbamate is further decomposed in a subsequent stripping unit (SEP-4.5). The
resulting streams can then be directed either to the urea concentration unit or to the final
product processing section.
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3. Methodology
3.1. Principles of DWED and HPRT

An HPRT is primarily used for liquid transport while enabling energy recovery within
the process. In addition to its functional flexibility, the HPRT is relatively easy to in-
stall and requires low maintenance, making it a practical and cost-effective option for
industrial applications.

A typical HPRT system consists of a pump, a gearbox, a motor, a clutch, and the
HPRT unit. In this configuration, high-pressure streams pass through the HPRT, where
mechanical energy is recovered and transferred to assist the pump in compressing low-
pressure streams. Through this process, energy recovery is achieved. As illustrated in
Figure 3 [26], the HPRT is commonly coupled with the feed pump within the same process
and arranged on a shared shaft to reduce the pump’s power demand. The pump increases
the pressure of the process fluid. A gearbox is installed between the motor and the pump
to regulate the torque and rotational speed delivered by the motor according to plant
operating requirements, ensuring stable and flexible operation. In addition, it enables quick
disconnection during maintenance or in the event of failure.

rurm HIFOHH oo HIForer|

Gearbox Clutch

W LowPressure M High Pressure

Figure 3. Layout of an HPRT system [26].

The clutch controls the engagement of the HPRT, enabling it to be disconnected when
necessary or to operate as a backup pump in emergency situations. Within the HPRT, the
turbine converts the pressure energy of the fluid into mechanical energy.

The DWED (Figure 4) was designed by Cheng et al. [17], typically consists of two
identical displacement cylinders, each equipped with a piston and four control valves.
The piston divides each cylinder into two compartments, allowing high- and low-pressure
streams to flow alternately on either side. By periodically opening and closing the valves,
the system switches between pressurization and depressurization. This enables the expan-
sion of the high-pressure stream and the compression of the low-pressure stream, ensuring
continuous and stable operation. The main operating cycle is described as follows:

«— —
«— —
«— —

V3
«— «— —
«— —
«— —
«— —
Vy

M Low Pressure MW High Pressure

Figure 4. Layout of a DWED.
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The operating cycle consists of four main steps.

(1) Depressurization: In the upper cylinder, once the right compartment is filled with a
high-pressure stream, valves V1 and V2 remain closed. Valve V5 is closed, and V6 is
opened, allowing the stream to discharge and the pressure to decrease gradually.

(2) Low-pressure displacement: As the pressure in the right compartment drops to a
certain level, valve V2 opens. Low-pressure stream enters the left compartment,
pushing the piston to the right until the compartment is fully filled. Meanwhile, the
remaining high-pressure stream continues to exit through valve V6.

(3) Pressurization: In the lower cylinder, valves V3 and V4 are closed. Valve V8 is
closed, and V7 is opened, allowing a high-pressure stream to enter the right compart-
ment. This drives the piston to the left, compressing the low-pressure stream in the
opposite compartment.

(4) High-pressure displacement: When the low-pressure stream reaches the target pres-
sure, valve V3 opens, allowing the pressurized stream to discharge. At the same time,
a high-pressure stream continues to enter through valve V7, completing the cycle and
preparing the system for the next iteration.

These four steps define the operation of a two-cylinder engine. By alternating between
two cylinders, the system achieves continuous energy exchange. The displacement steps
typically dominate the cycle time, while the pressurization and depressurization steps are
relatively short, ensuring stable and efficient operation.

3.2. WI Method

Given their higher energy transfer efficiency [24], DWEDs are selected as the key
components of the WEN in this study. The proposed WEN consists of DWEDs, pressure-
changing units (e.g., pumps, compressors, and turbines), and process streams at different
pressure levels, with a device efficiency of 95% [24] assumed throughout. The system
includes both high- and low-pressure streams, characterized by their supply and target
pressures, flow rates, and a minimum pressure difference (AP,,;;,), set to 70 kPa in this
work. The mechanical energy released from high-pressure stream expansion and the energy
required for low-pressure stream compression are determined through process simulation.

Before performing work exchange, the pressures of all streams are adjusted to satisfy
the matching conditions of the network. Specifically, the pressure difference between
the supply pressure of low-pressure streams and the target pressure of high-pressure
streams, as well as that between the supply pressure of high-pressure streams and the
target pressure of low-pressure streams, must both be no less than AP,,;,,. Figure 5 illustrates
the optimization workflow of the WEN based on DWEDs.

The main steps are as follows:

First, read the basic information for the high- and low-pressure streams, and define
the high-pressure streams H;, i =1, 2, ... Ny, and low-pressure streams L;,j=1,2,... Ny,
respectively. Input their supply pressures and Pj;; and sz/ target pressures PL. and Pij,
flow rates Vp; and V1j, and minimum pressure difference AP,,;,. Based on this, the work
sources Wy and work sinks Wy, for each stream are calculated. Under the constraints of
AP,,;,, compute the mechanical energy exchanged between all possible matching pairs to

obtain the work matrix Wi = (w% L) neny

Second, high-pressure streams (H;) from the work sources are sequentially matched
with low-pressure streams (L;) from the work sinks for mechanical energy exchange.
To simplify the network structure, only one feasible match is allowed between each
source—sink pair. Consequently, each low-pressure stream can receive mechanical energy
from only one high-pressure stream. Prioritize matching source-sink pairs that correspond

e

to the maximum exchangeable mechanical energy (W , ) between the high-pressure
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stream (m) and the low-pressure stream (n), and store the relevant energy exchange infor-
mation in a database (W,Ié)'

=

ead the high-pressure stream number m
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Figure 5. The optimization workflow of the work exchange network.

After each work exchange match, the actual exchanged work W{ ; is subtracted
from the remaining work of the corresponding streams (W}° and W;*). The low-pressure
stream (n) no longer participates in work exchange with other high-pressure streams; then,

HiLn = 0. If the work exchanged by the high-pressure stream (m) satisfies Wiy, < 0, the

stream no longer exchanges work with other low-pressure streams, and thus Wy | i =0
The updated residual work of the high-pressure stream W} is then used to determine the
values of relevant parameters, such as gfﬂl}‘ and Wi, .

The work exchange matching table is then updated accordingly. This procedure
is repeated until all streams reach the termination criteria, i.e., no further feasible work
exchange is possible or all matching requirements have been satisfied. The complete
configuration of the WEN is then obtained. A more comprehensive description of the

optimization methodology is available in previous work [27].

4. Analyzed Case Studies
4.1. Description of the Urea Synthesis Process

The case study is based on the work of Rossi et al. [26]. It focuses on the downstream
decomposition section of the synthesis loop and evaluates how three process configurations
and four production levels (1613.41, 2319.48, 2985.62, and 3710.83 t/day) affect overall
system performance.

Specifically, three configurations are considered: single-stage, two-stage, and three-
stage decomposition. In each case, staged flash separation is used to recover unreacted
components and increase urea concentration. The vapor streams generated in different
sections are combined and recycled back to the first reactor.

https:/ /doi.org/10.3390/en19112699
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For the single-stage configuration, the purification section includes one turbine
(TURB-1), one separator (SPE-20), and one stripper (SPE-4.5). The two-stage configuration
adds an additional turbine (TURB-2) and separator (SPE-70). In the three-stage configura-
tion, a third turbine (TURB-3) and an additional separator (SPE-115) are introduced, further
enhancing recovery and separation performance.

The urea synthesis process uses two feed streams: NH3 and CO;. The NHj feed enters
at 8 °C and is pressurized to 240 bar using a pump, while the CO, feed, initially at 40 °C, is
compressed to 160 bar. Due to compression, both streams experience temperature increases,
with NHj rising to about 14 °C and CO, reaching approximately 192 °C.

To ensure suitable conditions for the synthesis reaction, a heat exchanger is used to
adjust the temperatures of both streams. The NHj3 stream is heated, while the CO, stream
is cooled, bringing their temperatures to 132 °C and 130 °C, respectively. This temperature
alignment ensures consistent conditions before entering the reactor.

The mixed streams then enter the first reactor, operating at 180 °C and 160 bar, where
the initial reaction takes place (Equation (1)). The resulting ammonium carbamate solution
flows to a second reactor under the same conditions, where it is further converted into urea
(Equation (2)).

Literature results [26] show that, when both reactors operate at a conversion of 60%,
moving from a single-stage to a two-stage configuration raises the urea mass fraction by
about 0.9%, while adding a three-stage yields only a further 0.06% increase. This indicates
that additional stages provide minimal improvement in urea concentration. The study
also evaluates work recovery across different layouts, with the aim of identifying the
configuration that maximizes energy recovery and uses it to drive the NH; feed pump.

Building on these assumptions, this study introduces a work integration strategy into
the urea synthesis process. The results are then compared with a conventional HPRT-based
approach reported in the literature to evaluate the overall performance of the different
technical options. The urea synthesis process was simulated using Aspen Plus V11 software,
with thermodynamic properties calculated by the Peng—Robinson equation of state. The
WEN superstructure was developed and solved in MATLAB R2021b.

4.2. Operating Parameters

Table 1 summarizes the operating conditions of the separation units for the three
process configurations, including temperature and pressure. It should be noted that all
values are based on industrial data reported in the literature [29].

Table 1. The operating parameters of each separation unit under the three process configurations.

Decomposition Stage Separator 1 Separator 2 Separator 3
single-stage 122 °C 20 bar - - - -
two-stage 190 °C 70 bar 122 °C 20 bar - -
three-stage 220 °C 115 bar 190 °C 70 bar 122 °C 20 bar

Table 2 presents the results from the reference case [26], including the power require-
ments of the NHj feed pump and CO; feed compressor under different decomposition
configurations and urea production rates, as well as the corresponding energy consumption
when HPRTs are applied. The simulation results of this study are consistent with those
reported in [26].
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Table 2. Electric energy consumption under different decomposition sections and different urea
product.

Urea Product
(t/day)

CO, Feed
Compressor
(kW)

Two-Stage Three-Stage
(TURB- (TURB-1+TURB-
1+TURB-2) (kW) 2+TURB-3) (kW)

NH; Feed Single-Stage
Pump (kW) TURB-1 (kW)

1613.41
2319.48
2985.62
3710.83

5536 383 483 293 + 82 =375 145 + 85 + 82 =312
7957 550 695 422 + 117 =539 208 + 123 + 117 = 448
10,241 709 896 544 +151 =695 268 + 158 + 151 = 577
12,732 880 1111 679 + 188 =867 333 + 196 + 188 =717

4.3. Application of the WI Method

Reference [26] systematically evaluated work recovery from different purification
section configurations in the urea process. In that study, the fractional conversion of CO, in
both the first and second reactors was fixed at 60%. The mechanical efficiencies of the pump
and the HPRTs were each assumed to be 80%, while the conversion of expansion work to
electricity was considered ideal (100%), with the HPRT supplying power to the pump.

Building on these assumptions, this study further considers a 95% [24] energy transfer
efficiency for DWEDs and assumes an annual operating time of 8000 h. By introducing a
Wl strategy and comparing it with the conventional HPRT-based approach, a systematic
analysis of mechanical energy recovery in the urea synthesis process is conducted, enabling
a comprehensive evaluation of the energy-saving and emission reduction performance of
different technical pathways.

4.3.1. Energy Efficiency

The recovered work streams considered in this study are labeled as shown in Table 3.
To clearly distinguish operating conditions and stream characteristics, a consistent naming
convention is adopted for all potential work exchange streams. For example, L1 denotes
a low-pressure stream at a production rate of 1613.41 t/d that passes through the NH3
feed pump and is available for work exchange, while L2 represents the corresponding
low-pressure stream at 2319.48 t/d.

Table 3. Name the work recovery stream.

Urea
Product
(t/day)

NH; Feed
Pump
(kW)

I-Stage 2-Stage 2-Stage 3-Stage 3-Stage 3-Stage
TURB-1 TURB-1 TURB-2 TURB-1 TURB-2 TURB-3

1613.41
2319.48
2985.62
3710.83

L1
L2
L3
L4

[-T1-H1 II-T1-H1 II-T2-H1 II-T1-H1 I-T2-H1 III-T3-H1
I-T1-H2 II-T1-H2 II-T2-H2 II-T1-H2 1I1-T2-H2 II-T3-H2
I-T1-H3 II-T1-H3 II-T2-H3 III-T1-H3 II1-T2-H3 II-T3-H3
I-T1-H4 II-T1-H4 II-T2-H4 III-T1-H4 II1-T2-H4 III-T3-H4

For high-pressure streams, a structured labeling format is used. Taking “I-T1-H2" as
an example, the Roman numerals indicates the first-stage decomposition configuration, the
T1 refers to the turbine unit (TURB-1) through which the stream passes, and “H2” identifies
it as a high-pressure stream under the 2319.48 t/d condition. Similarly, “III-T3-H2” denotes
a high-pressure stream in the third-stage configuration, flowing through TURB-3, under
the same production rate.

This study evaluates the work recovery performance of the urea production process
under configurations with one, two, and three decomposition stages.

https://doi.org/10.3390/en19112699
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For the single-stage configuration, the initial stream data used for work exchange at
different production rates are presented in Table 4. Figure 6 illustrates the process layout at
a urea production rate of 1613.41 t/day, where red lines denote high-pressure stream and
blue lines indicate low-pressure stream.

Table 4. The initial flow information of the work exchange in single-stage decomposition.

Stream Supply Target Shaft Work Volume Flow
Name Pressure Pressure (kW) Rate
(bar) (bar) (m3/s)
L1 24 240 383 0.0142
12 24 240 550 0.0204
L3 24 240 709 0.0263
L4 24 240 880 0.0326
I-T1-H1 160 20 483 0.0430
I-T1-H2 160 20 695 0.0620
I-T1-H3 160 20 896 0.0800
I-T1-H4 160 20 1111 0.0992
MIX
PUMP L1 i «
L 4 v
HE ( )
REAC-1 REAC-2 SEP-20 SEP-45
<

COMP

b

TURE-1

I-H1

Figure 6. At a urea production rate of 1613.41 t/day, the synthesis and purification process operates
in a single-stage decomposition configuration.

Under the proposed WI strategy, work exchange is carried out between differ-
ent stream pairs depending on the production. At a production of 1613.41 t/day, the
stream pair L1 and I-T1-H1 is used. For 2319.48 t/day, L2 and I-T1-H2 are matched;
for 2985.62 t/day, L3 and I-T1-H3 are used; and for 3710.83 t/day, L4 and I-T1-H4 are paired.

Figure 7 presents a comparison between the proposed Wl method and the HPRT-based
approach reported in the reference case. The comparison focuses on the annual energy
recovery achieved in a single decomposition stage under different production. The figure
also includes the energy demand of the NHj feed pump. This allows a direct assessment of
whether the recovered energy can fully meet the pump’s requirements and, in some cases,
supply additional energy.

For the two-stage configuration, the initial stream data used for work exchange at
different production rates are presented in Table 5. Figure 8 illustrates the process layout at
a urea production rate of 1613.41 t/day, where red lines denote high-pressure streams and
blue lines indicate low-pressure streams.
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Figure 7. Energy consumption comparison of different work recovery methods in 1-stage decomposi-
tion process.

Table 5. The initial flow information of the work exchange in two-stage decomposition.

Stream Supply Target Shaft Work Volume Flow
Name Pressure Pressure (kW) Rate
(bar) (bar) (m3/s)
L1 24 240 383 0.0142
L2 24 240 550 0.0204
L3 24 240 709 0.0263
L4 24 240 880 0.0326
1I-T1-H1 160 70 293 0.0407
II-T1-H2 160 70 422 0.0586
II-T1-H3 160 70 544 0.0756
1I-T1-H4 160 70 679 0.0943
II-T2-H1 70 20 82 0.0205
1I-T2-H2 70 20 117 0.0293
1I-T2-H3 70 20 151 0.0378
1I-T2-H4 70 20 188 0.0470
MIX
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Figure 8. At a urea production rate of 1613.41 t/day, the synthesis and purification process operates
in a two-stage decomposition configuration.
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Under the proposed WI strategy, work exchange is carried out sequentially between
the low-pressure and high-pressure streams at different production. At 1613.41 t/day,
stream L1 is matched with II-T1-H1 and II-T2-H1. At 2319.48 t/day, L2 exchanges work
with II-T1-H2 and II-T2-H2. Similarly, for 2985.62 t/day and 3710.83 t/day, L3 and L4 are
paired with the corresponding high-pressure streams (II-T1-H3, II-T2-H3 and 1I-T1-H4,
II-T2-H4), respectively. Figure 9 compares the performance of the proposed WI method
with the HPRT-based approach from the reference case.

7000 |

T

./
3000 + @
—M— Electric consumption of the NH3 feed pump
A Recovery Work of the WI Method
1

4000 |

Electric (MWh/year)

—A—Recovery Work of the HPRTs Method

2000 L L 1
1500 2000 2500 3000 3500

Product (t/day)

Figure 9. Energy consumption comparison of different work recovery methods in two-stage decom-
position process.

For the three-stage configuration, the initial stream data used for work exchange at
different production rates are presented in Table 6. Figure 10 illustrates the process layout
at a urea production rate of 1613.41 t/day, where red lines denote high-pressure streams
and blue lines indicate low-pressure streams.

Table 6. The initial flow information of the work exchange in three-stage decomposition.

Stream Supply Target Shaft Work Volume Flow
Name Pressure Pressure (KW) Rate
(bar) (bar) (m3/s)
L1 24 240 383 0.0142
L2 24 240 550 0.0204
L3 24 240 709 0.0263
L4 24 240 880 0.0326
III-T1-H1 160 115 145 0.0403
III-T1-H2 160 115 208 0.0578
III-T1-H3 160 115 268 0.0744
1II-T1-H4 160 115 333 0.0925
III-T2-H1 115 70 85 0.0236
III-T2-H2 115 70 123 0.0342
III-T2-H3 115 70 158 0.0439
III-T2-H4 115 70 196 0.0544
III-T3-H1 70 20 82 0.0205
III-T3-H2 70 20 117 0.0293
III-T3-H3 70 20 151 0.0378
III-T3-H4 70 20 188 0.0470
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Figure 10. At a urea production rate of 1613.41 t/day, the synthesis and purification process operates
in a three-stage decomposition configuration.

Under the proposed WI strategy, each low-pressure stream is sequentially matched
with three high-pressure streams according to production. At 1613.41 t/day, L1 exchanges
work with III-T3-H1, III-T1-H1, and III-T2-H1. At 2319.48 t/day, L2 is paired with III-T3-H2,
MII-T1-H2, and III-T2-H2. Likewise, for 2985.62 t/day and 3710.83 t/day, L3 and L4 are
matched with the corresponding high-pressure streams (III-T3-H3, I1I-T1-H3, III-T2-H3
and III-T3-H4, I1I-T1-H4, 11I-T2-H4), respectively. Figure 11 presents a comparison between
the proposed WI method and the HPRT-based approach from the reference case.
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Figure 11. Energy consumption comparison of different work recovery methods in three-stage
decomposition process.

This study evaluates the effect of multi-stage decomposition and work recovery across
different sections of the urea process, with the aim of reducing overall power consumption.

As shown in Tables 4-6, the volume flow rates of the streams involved in work
exchange vary with the number of decomposition stages in the process configuration. The
introduction of TURB-2 reduces the throughput of TURB-1, while adding TURB-3 increases
the load on TURB-2 and further decreases that of TURB-1. However, increasing the number
of separation stages has only a limited impact on improving urea product purity.

Figures 7, 9 and 11 show that a single-stage decomposition configuration is suffi-
cient to achieve the highest level of mechanical energy recovery among the cases studied.
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The maximum recovered energy obtained using both methods, together with the largest
improvement achieved by the WI strategy relative to the HPRT-based approach, is summa-
rized in Table 7.

Table 7. The WI and HPRT-based methods achieve maximum mechanical energy recovery, and the
corresponding maximum improvement in energy recovery is obtained by the WI method relative to
the HPRT approach.

Electricity
Consumption Recovery Recovery
Decomposition Urea Product of the NH Work of the Work of the
Stage (t/day) 3 WI Method  HPRT Method
Feed Pump (kW) W)
(kW)

Single-stage 3710.83 7040 8448 7110
Three-stage 3710.83 7040 6477 4589

At a urea production rate of 3710.83 t/day under the single-stage decomposition
configuration, the HPRT-based approach recovers approximately 7110 MWh/year of me-
chanical energy, whereas the proposed WI method increases the recovered energy to about
8448 MWh/year under the same operating conditions. This corresponds to an improvement
of approximately 18.8% compared with the reference case [26].

The greatest enhancement achieved by the WI method is observed at a production
rate of 3710.83 t/day under the three-stage decomposition configuration, where the recov-
ered mechanical energy is improved by approximately 41.1% relative to the HPRT-based
system [26].

A one-at-a-time sensitivity analysis was performed for the base case (3710.83 t/day,
single-stage decomposition configuration) by varying DWED efficiency, HPRT efficiency,
and annual operating time by £5% while keeping all other parameters constant. The
results show that recovered work is most sensitive to DWED efficiency. According to the

following equation:
Si = (Y+5% - Y75%)/0.1Y0 (3)

Yy is the baseline value; Y, 59, and Y_so, represent the results obtained when the
parameter is increased and decreased by 5%, respectively; S; is the sensitivity coefficient.

A £5% change in DWED efficiency alters the recovered energy from 8025.6 to
8870.4 MWh/year, corresponding to a sensitivity coefficient of 1.0, indicating a direct
proportional relationship between DWED efficiency and energy recovery. In contrast,
HPRT efficiency has a negligible effect on the WI system. Annual operating time does not
affect instantaneous power recovery but directly impacts annual recovered energy.

Overall, the configuration with a single work recovery unit delivers the best perfor-
mance. This is because it can fully meet the power demand of the NH3 feed pump while
also generating additional usable energy.

4.3.2. Environmental Analysis

In urea synthesis, CO, emissions serve as a key indicator for evaluating both energy
efficiency and environmental performance. To assess the environmental impact of the
process, this study quantifies total CO, emissions by distinguishing between direct and
indirect contributions. Following ref. [30], direct emissions are determined from material
balances, while indirect emissions are estimated based on process energy consumption. As
different work recovery strategies are applied to reduce energy use, the corresponding CO,
mitigation is calculated from the associated energy savings.
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Since electricity represents the primary energy input in the proposed process, three rep-
resentative power sources are considered for comparison: wind power (0.034 t CO, /MWh),
solar power (0.079 t CO,/MWh), and grid electricity (0.428 t CO,/MWHh) [31]. The CO,
emission reduction results for all cases are presented in Figure 12.
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Figure 12. The reduction in CO, emissions from power sources such as wind (a), solar (b), and grid
(c) in urea synthesis process.
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Under wind power supply conditions (Figure 12a), the HPRT method shows
an increasing reduction trend with rising urea production from 1600 to 3700 t/d.
For the single-stage decomposition system, CO, reduction increases from 105.094 to
241.740 t/year; for the two-stage system, from 81.600 to 188.666 t/year; and for the
three-stage system, from 67.898 to 156.062 t/year. In comparison, the WI method
consistently achieves higher reduction levels across all operating conditions, reaching
124.916-287.232 t/year, 101.184-233.648 t/year, and 87.278-220.218 t/year for the three
configurations, respectively. Overall, the WI strategy improves CO, reduction performance
by approximately 18.8% under wind power supply.

Under solar power conditions (Figure 12b), both methods exhibit a similar upward
trend with increasing production. Using the HPRT approach, CO, reduction rises from
244.189 to 561.690 t/year for the single-stage system, from 189.600 to 438.371 t/year
for the two-stage system, and from 157.763 to 362.531 t/year for the three-stage sys-
tem. After applying the WI method, further improvements are observed, with values of
290.246-667.392 t/year, 235.104-542.888 t/year, and 202.793-511.683 t/year, respec-
tively. Overall, WI leads to an approximate 24% increase in CO, reduction under solar
power supply.

Under grid electricity conditions (Figure 12c), both methods achieve the highest CO,
reduction levels, but the differences become more pronounced. With HPRTs, reductions
increase from 1322.948 to 3043.080 t/year (single-stage), 1027.200 to 2374.972 t/year (two-
stage), and 854.716 to 1964.092 t/year (three-stage). In contrast, the WI method further
enhances performance, reaching 1572.472-3615.744 t/year, 1273.728-2941.216 t/year, and
1098.676-2772.156 t/year, respectively. Overall, WI achieves an improvement of about
28.5% in CO, reduction under grid electricity conditions.

A comparative analysis of Figure 12a—c is summarized in Table 8, which presents the
maximum CO, emission reductions achieved by the WI and HPRT-based methods, together
with the largest improvement obtained by the W1 strategy relative to the HPRT approach.

Table 8. Maximum CO; emission reductions achieved by the WI and HPRT-based methods, and
the corresponding maximum improvement in CO, emission reduction obtained by comparing the
two methods.

Decomposition Urea Product Energy CO; reduction  CO, Reduction of

Stage (t/day) Sources of the WI the HPRT
Method (t/year) = Method (t/year)
Single-stage 3710.83 Grid 3615.744 3043.08
Three-stage 3710.83 Wind 220.218 156.026
Three-stage 3710.83 Solar 511.683 362.531
Three-stage 3710.83 Grid 2772.156 1964.092

The results indicate that the highest CO, reduction is achieved under the single-stage
decomposition configuration at a urea production rate of 3710.83 t/day with grid electricity
as the power source. Under these conditions, the WI method achieves a CO, reduction of
3615.744 t/year, compared with 3043.08 t/year for the HPRT-based system. Overall, the
WI approach improves CO; reduction performance by 18.8% relative to the HPRT method.
The greatest relative improvement of the WI strategy is observed under the three-stage
decomposition configuration at a production rate of 3710.83 t/day using wind, solar, or
grid electricity. In this case, the WI approach improves CO; reduction performance by
approximately 41.1% compared with the HPRT method.

Through the above analysis, energy sources differ markedly in their carbon inten-
sity. Wind power shows the lowest carbon footprint (0.034 t CO,/MWh), indicating the
strongest potential for emission reduction, while photovoltaic power, although slightly
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higher, still maintains a relatively low level (0.079 t CO,/MWh). In contrast, grid electricity
is significantly more carbon-intensive, reaching 0.428 t CO,/MWh. However, both wind
and solar energy are inherently intermittent due to seasonal and geographic variability,
suggesting that combining multiple energy sources can help achieve more stable operation
and further reduce overall emissions.

Within urea production, the potential for emission reduction increases with production
capacity, with the first-stage decomposition section contributing the most significant CO,
reduction. A comparison of different technical routes shows that the WI approach consis-
tently outperforms the HPRTs across single-, double-, and triple-stage configurations, with
the greatest improvement observed in the three-stage process. Overall, WI demonstrates
strong potential to enhance energy efficiency while reducing carbon emissions in urea
production systems.

5. Conclusions

This study investigates work recovery in the urea synthesis process by developing
a superstructure-based WEN using DWEDs. Mechanical energy recovery is evaluated
for single-, two-, and three-stage configurations under different production capacities.
The proposed WI approach is further compared with a conventional HPRT-based method
reported in the literature.

The results indicate that the WI method consistently outperforms the HPRT-based
approach in both mechanical energy recovery and CO, emission reduction across all
operating conditions. For energy recovery, the single-stage decomposition configuration
provides the best performance, where at 3710.83 t/day the recovered energy increases from
7110 to 8448 MWh/year, corresponding to an 18.8% improvement; the largest relative gain
(41.1%) is observed under the three-stage configuration at the same production rate. For
CO, emissions, the highest absolute reduction also occurs in the single-stage configuration
at 3710.83 t/day with grid electricity, where WI achieves 3615.744 t/year compared with
3043.08 t/year for HPRT. Wind power shows the lowest carbon intensity, followed by solar
energy, while grid electricity is the most carbon-intensive, although renewable sources are
constrained by intermittency, suggesting potential benefits from hybrid supply systems.
Opverall, higher production capacity enhances both energy recovery and emission reduction
potential, and the WI strategy demonstrates robust advantages over HPRT, with strong
promise for improving energy efficiency and reducing carbon emissions in urea production.

Building on the WI framework developed in this study, future research will focus
on incorporating heat integration to achieve simultaneous work-heat integration and
further improve overall process energy efficiency. Additional efforts are also required to
optimize the design of direct work exchange devices, integrate advanced control systems,
and determine appropriate equipment sizing to enhance energy recovery performance
and operational reliability. Furthermore, the work exchange network methodology has
considerable potential for broader application in energy-intensive industries, such as
petroleum refining, petrochemical production, and air separation processes.
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Nomenclature

Notation
DWEDs  Direct work exchange devices

HPRTs Hydraulic power recovery turbines

SSTC Single-shaft turbine—compressor

ULE Ultra-low energy

WEN Work exchange network

WI Work integration

Wr The work required for compressing the low-pressure streams

wwe Matrix of mechanical energy that can be transferred from high-pressure streams to
low-pressure streams

Wwe The maximum mechanical energy that can be transferred from individual

max high-pressure stream to low-pressure streams
Wk Vector of mechanical energy that can be transferred from individual high-pressure
B stream to low-pressure streams

Wy The work produced by expanding the high-pressure streams

WEN Work exchange network

Subscripts/superscripts

H High-pressure stream

i Index for high-pressure stream

j Index for low-pressure stream

k The sequence of work exchanges in vector Wlé

L Low-pressure stream

m The high-pressure stream serial number in vector Wy,

n The low-pressure stream serial number in vector Wi,

Ny The number of high-pressure streams

N The number of low-pressure streams

s Supply for pressure

t Target for pressure
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