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This study assesses the environmental performance of an existing petrochemical plant that produces urea fer-
tilizer and liquid ammonia. In urea production facilities, ammonia is always in excess. This excess can be con-
verted back to urea if reacted with CO2 in an ammonia reformer. Such a process can boost the production
capacity of the plant without the need for further investment in major equipment, like reformers and reactors. In
the plant studied here, a CO, capture and utilization unit (CCU) is used to capture CO, from the stack of the
ammonia plant to further enhance urea production. The unit recovers about 5500 kg of CO, per hour. The
environmental performance of the petrochemical plant is evaluated with and without COy capture and under
solar-assisted operation. Although the solar-assisted operation performs better than the plant with CCU in many
environmental parameters, the differences between the two cases are relatively small. The outcomes of the life
cycle assessment show that the carbon footprint of the solar-assisted operation with CCU is about 10% lower than
that of the plant without CCU. In addition to some environmental benefits of the CCU plant, the plant with
carbon capture increases the urea production by about 8%.

1. Introduction

Numerous economic activities and human needs today rely on the
consumption of energy. However, the operation of the energy sector is
linked to significant greenhouse gas (GHG) emissions that go against
sustainable development goals set in the majority of the developing
countries [1]. The per capita energy consumption in these countries (e.
g., Iran) is much higher compared to the other countries, resulting in
significant environmental impacts (EIs) [2]. Though human activities
are not the only source of CO, emissions, and a large proportion of GHGs
is related to natural sources, heavy industrial activities contribute to-
wards the deterioration of the nature resilience and contribute to global
warming [3]. Iran is considered as one of the main contributors to global
total CO; emissions (TCE). The country released approximately 579 Mt
of CO3 in 2018, accounting for 1.74% of the global TCE [4]. Industry is
considered the sector with the highest CO5 emissions in Iran because of
the high dependency on fossil fuels. A strict policy toward clean energies
has been put in place globally to mitigate global warming [5]. After
Kyoto Protocol in 1997, many other policies and protocols being
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adopted worldwide such as Reo, Montreal, Paris, Glasgow and others
[6]. However, the wider use of renewables and their availability and
intermittency are still largely debated [7]. These challenges become
even stronger in a fossil fuel rich country such as Iran. This has led to
renewable energy (RE) sources taking a more supportive role to fossil
fuels than a primary role in the industry, where fossil fuels being mainly
used in power generation, refineries, petrochemical complexes and
other energy intensive industries [8].

Carbon Capture and utilization (CCU) technologies are recognized as
important bridging strategies on the way to REs transition. In order to
decrease GHG emissions and to evaluate other carbon sources in the
chemical industries, several methods of CCU have been evaluated in
literature. However, most of the recent publications give emphasis on
power-to-gas or fuels in various industries [9] than the utilization of CO,
for the production of chemicals [10]. Among chemical productions, urea
is considered as the most significant nitrogenous fertilizer and plants
primary supplement. Granules urea under specific operating conditions
are synthesized where CO5 reacts with ammonia [11].

Some studies evaluate the EI for specific industries and offer them
more environmentally friendly solutions [12-20]. These studies
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Nomenclature
CcC Climate Change
CCS Carbon Capture and Storage

CCU Carbon Capture and Utilization
GHG Greenhouse Gas
EI Environmental Impact

ILCD International Reference Life Cycle Data System
KPIC Kermanshah Petrochemical Industries Co

LCA Life Cycle Assessment

LCI Life Cycle Inventory

MEA Monoethanolamine

PCC Post-combustion Carbon capture

RE Renewable Energy

SPCC Solar-assisted Post-combustion Carbon Capture
TCE Total CO, emissions

generally adopt a life-cycle perspective to evaluate such energy systems
[21]. Life cycle assessment (LCA) allows the evaluation of the EIs of
complete production systems, including upstream and downstream
processes [22,23]. In LCA methods all the supply chain and EIs of
different generation stages are systematically considered. From this
point of view, such analyses can support studies related to the impli-
cations of water-energy-environment nexus. This is particularly relevant
to large industries in Iran, a country with an energy system highly
dependable on fossil fuels and freshwater consumption.

He et al. [24] He investigated CO, utilization benefits for the reverse
water gas shift into syngas for the production of liquid fuel and power.
The life cycle emission was calculated as 129.98 kg CO-eq/MW h, and
the proportion of carbon emissions that correspond to the production of
liquid fuel is 60%. This system achieved an energy savings of 18.19%
and a life-cycle carbon emission reduction rate of 46.87% compared
with the NGCC and GTL standalone generation system with the same
amount of carbon capture.

Aldaco et al. [25] developed a dynamic LCA along with economic
analysis to investigate a potential transition to low-carbon manufacture
of formic acid. Evaluation of formic acid manufactured by electro-
chemical reduction of CO (CCU), and comparing this production path
to the traditional synthesis and to storing CO; in geological storage was
conducted technically, environmentally and economically using the
developed model. They concluded that the CO, capture and storage
(CCS) technology obtained greater reductions in CO, emissions than the
CCU scenarios and the traditional processes; whereas, CCU has lower
fossil consumption and better economic justification, particularly when
powered by green electricity.

Yoo et al. [26] developed a system via an incremental approach
calculating identical carbon intensity, while avoiding the wide calcu-
lations in the expanded system boundary framework. The system allo-
cates the obstacles of CO5 capture to the CO5 feedstock supplying the
CCU. Zhang et al. [27] presented a united framework on the EI and
energetic analyses of a CCS system. They studied three scenarios: a
membrane process, a monoethanolamine-based (MEA) system, and a
hybrid membrane-cryogenic process, for post-combustion CO; capture
(PCQC) in a power plant. The EI of the different scenarios, assessed with
LCA, showed that MEA-based capture is linked to more challenges than
membrane processes due to its higher energy consumption and the EI
from solvent emissions and degradation. Cuéllar-Franca and Azapagic
[28] investigated Els of various CCS and CCU systems. They concluded
that PCC with MEA is the most appropriate technology to integrate with
different energy-intensive sectors. However, as MEA synthesis and ul-
timate degradation leads to CO, emissions and GWP, the development of
more environmentally sustainable sorbents’ pathway is desirable.
Rosental et al. [29] studied the production of the large volume organic
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chemicals i.e. methanol, ethylene, propylene, benzene, toluene, and
mixed xylenes. Investigated process chains comprise CO2 capture from
an industrial point-source or from the atmosphere through direct air
capture; alkaline water electrolysis for hydrogen production; methanol
synthesis; methanol-to-olefins and methanol-to-aromatics synthesis
including aromatics separation. The boundary of the developed system
included all related processes with a cradle-to-gate approach. They
defined scenarios by replacing processes to produce important infra-
structure materials, such as aluminum, copper, steel, and concrete, with
other less resource (carbon) intensive processes and higher rates of
recycling. The LCA results showed that the synthesis of the studied
chemicals from CCU processes can diminish the GHG emissions by
88-97%, when utilizing electricity from offshore wind turbines instead
of fossil fuel-based production routes. The replacement of all production
processes with CCU processes in Germany was found to increase the
total primary energy demand between 2% and 7%. However, they
estimated an overall decrease of emissions via enhanced base material
production processes and the recycling of copper, steel, aluminum, and
concrete. Such measures could reduce the undesirable impacts of the
basic chemical production with CCU technologies in case of economic
justification. Young et al. [30] explored the cradle-to-gate LCA of
amine-based CO; capture systems in petroleum refineries, ammonia
production, natural gas combined cycle plants, and supercritical and
coal-fired power plants in the USA. They found that the eutrophication
potential, the particulate matter formation potential, and the water
consumption increased in all sectors because of the operation and
installation of CCS technologies per kg CO2 avoided. On the other hand,
the influence on particulate matter formation and acidification poten-
tials was not straightforward. Trade-off variation among the different
systems was primarily determined by the combustion emissions of the
fuel recovered by the capture unit, the upstream supply chain to prepare
that fuel, and the relative impact of the CO, capture from the flue gas.
Khojasteh-Salkuyeh et al. [31] conducted process design and LCA of
several methanol production processes. The LCA results showed that the
direct CO2 hydrogenation is an environmentally friendly option, only
when the electricity GHG intensity is lower than 0.17 kg CO; equivalent
per kWh of electricity. They concluded that in the context of Canada, it
can be suggested for the states where low-carbon electricity is accessible.

Khoo et al. [32] investigated the potential of carbon reduction for a
CO, mineralization technology for CO, utilization in Singapore. The
carbon reduction potential, net carbon emissions and life cycle were
analyzed with LCA. Their results showed that the studied technology
abated 115.78 kg CO-eq per tonne of COy input. Gaikwad et al. [33]
conducted LCA analysis for various scenarios of the Carbon2Chem®
project, where process gases of steel mills used carbon to produce
methanol and urea. They compared the integrated production with the
conventional one and concluded that including Carbon2Chem® tech-
nologies in a steelmaking plant results in strong reductions of global
warming impact in all examined scenarios. Shi et al. [34] investigated
the energy consumption performance and GHG emissions in the life
cycle of urea production. The average energy consumption reported was
about 30.1 GJ/t urea. They concluded that in any process or method
employed in urea production, reducing coal consumption is vital.
Attention has been paid to the integration of RE with conventional in-
dustrial fossil fuel-based systems to obtain CO3 reduction[35]. Several
choices can be considered: using RE in CO, capture processes, con-
verting RE to fuel for industrial processed, and/or utilizing captured CO,
as a raw material in another process. Generally, there would be no
consistent concept for all industries, each industrial sector and produc-
tion process can reduce CO, emissions differently [36]. Attention has
been paid to the integration of RE technologies with conventional en-
ergy intensive fossil fuel based systems [37]. Solar energy has been
regarded as the most promising solution to tackle CC challenges due to
its sustainability and availability characteristics [38]. Recently, the
implementations of solar energy to provide the required energy in in-
dustrial applications have increased [39]. The solar-assisted
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Table 1
Life Cycle Inventory for 50 ton/h of ammonia production in the (i) base scenario,
(ii) CCU scenario and (iii) SPCC scenario.

Products Base CcCu SPCC Units
scenario  scenario  scenario
NH3 50 50 50 ton/
h
CO, 63 63 63 ton/
h
Steam to urea plant 97 86 93.7 ton/
h
Steam for other processes 11 3.3 ton/
h
Inputs Dataset (or proxy)
Process air Air (resources) 292 292 292 m3/h
Natural gas Natural gas, high 30084 30084 30084 m®/h
(feed) pressure | market
group for | APOS,
U
Natural gas Natural gas, high 15535 15535 15101.2 m>/h
(fuel) pressure | market
group for | APOS,
U
AMDEA Amine oxide | 7 7 7 kg/h
solution amine oxide
production |
APOS, U
Chemicals Phosphate rock, as 7.5 7.5 7.5 kg/h
for demi P205,
water beneficiated, dry |
treatment:  market for | APOS,
18)
Diethanolamine | 0.25 0.25 0.25 kg/h
market for | APOS,
18]
Steam Steam, in chemical 167.98 167.98 167.98 ton/
industry | market h
for steam, in
chemical industry
| APOS, U
Electricity Electricity, 2347 2347 2347 kWh
medium voltage
IR= market for |
APOS, U
Emissions to 273.9 210.6 210.6 ton/h
air
Nitrogen 198.33 152.50 152.50 ton/
h
Carbon 18.57 14.28 14.28 ton/
dioxide h
Oxygen 8.93 6.87 6.87 ton/
h
Water 48.10 36.99 36.99 ton/
h
Waste
Wastewater 5 5 5 m®/h

post-combustion carbon capture (SPCC) alternative provides a possi-
bility to offset the high energy consumption of the PCC process [40].
However, the implementation of SPCC depends on its GHG reduction
potential and its cost, compared to other low-carbon technologies.
Wibberley [41] first proposed the SPCC where the required thermal
energy for solvent regeneration was provided by solar energy. Overall,
several studies on MEA-based SPCC have been carried out. Parvareh
et al. [42] divided the system into full and partial systems by means of
solar fraction. Saghafifar and Gabra [43] categorized the system into
indirect and direct solar-assisted PCC depending on the assembly be-
tween solar thermal collectors and CO» capture facilities. Wang et al.
[44] analyzed a 300MWe coal-fired power generation in China consid-
ering three scenarios: i) base-case equipped with PCC; ii) base-case
equipped with PCC and SPCC; iii) base-case integrated with PCC and
solar-assisted repowering process. Their results showed significant
benefits for the solar-assisted cases in both GHG mitigation potential and
Costs.
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To the best of the author’s knowledge, there is no published work on
the comprehensive LCA feasibility of a CCU system along with a solar-
assisted system for the utilization of CO5 in the production of chem-
icals and, specifically, urea and ammonia plants. This work presents an
input-output LCA study of the annual EI of a petrochemical complex
located in west of Iran. The study includes a comprehensive analysis of
the EIs of different impact categories (ICs), to reveal the environmental
performance of all technologies used. The environmental performance
of the CCU plant is compared to the base scenario without CO; capture,
as well as the solar-assisted CCU system. The analysis involves a con-
ventional cradle-to-gate LCA analysis realized using the software
SimaPro. This study is meant to fill the knowledge gap of the implica-
tions on how solar-assisted and CCU scenarios could improve the life
cycle and potentially increase the rate of urea production of the inte-
grated systems.

2. Case study

Three different scenarios are considered and evaluated using a
comprehensive LCA analysis: the base scenario, the CCU, and the SPCC
scenario. The main difference between the base scenario and the other
two is the reduction of emissions in the ammonia plant. The CCU and
SPCC scenarios use part of the flue gas of the ammonia plant to produce
CO4, that is then used in the urea production unit. Furthermore, the SPCC
scenario produces the required thermal energy of the carbon capture
unit from steam generated in a concentrating solar plant. In the SPCC
scenario the amount of energy consumption is reduced by 3.8 million m®
natural gas annually relative to the base case [45]. This leads to a
reduction in the amount of natural gas feed by 433.8 m®/h (3.8 million
(m3 /year) /(365 x 24)) (shown in Table 1).

2.1. Base scenario

Kermanshah Petrochemical Industries Co. (KPIC) is an Iranian fer-
tilizer producer, founded in 1996 with headquarters in Tehran. Its
establishment was driven by the growing fertilizer demand and facili-
tated by the abundancy of gas and related raw materials. The industrial
complex, located in Kermanshah, western Iran, approximately produces
1200 tons of liquid ammonia and 2000 tons of granulated urea daily
basis [46]. Flow diagrams of the ammonia and urea plants are shown in
Fig. 1 (A) and (B).

The production of urea is carried out with the following units: i) Feed
pressure increase unit: Liquid ammonia from the Haber-Bosch process
and CO; as the main feedstocks are pumped and compressed respec-
tively and sent to the urea synthesis unit. ii) Urea synthesis unit:
ammonia and CO; are converted to urea under appropriate temperature
and pressure conditions. iii) Evaporation and purification unit: the pu-
rity of the produced urea is increased and sent to the granulation unit.
iv) Granulation unit: the urea produced is granulated into solid granules
and stored in a special warehouse.

2.2. CCU scenario

In this scenario, a CO5 recovery unit is used to capture the CO, from
the first reformer of an ammonia plant. The project began in 2013 with a
duration of 20 months. The project at KPIC was licensed, designed and
constructed by Shahrekord Carbon Dioxide Co. (SCD) to capture 132
metric tons per day of CO, with capture efficiency of about 81% from the
ammonia stack. The stripper thermal energy demand of the system is
approximately 26784 MJ [47]. The CCU plant includes three columns, i.
e., washing, absorption, and stripper columns. The washing column
consists of a two-packed section. The absorber has 5 sections. Cooling
and washing segments are placed at the top with two intercoolers in the
middle section of the absorber. The lean solvent is sent to the third
section, where the absorption with MEA is done. The rich solution then
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Fig. 1. Block flow diagram of the case study. A) Ammonia plant B) Urea plant C) CCUS integrated in petrochemical complex.

exchanges heat in the two-stage rich-lean heat exchangers. The rich
solvent is sent to the top section of the stripper, where the solvent
regeneration takes place. The required energy for the regeneration of the
solvent is provided by a part of steam generated in the reformer of the
ammonia plant. The CO, gas, exiting from the top of the stripper is
directed to the compressor’s knockout drums of the urea plant [48]. A
flow diagram of the CCU plant integrated in the petrochemical complex
is shown in Fig. 1 (C).

2.3. SPCC scenario

The solar plant includes parabolic trough collectors gathering ther-
mal energy from the sun. The thermal energy is transferred from the
solar field to the regenerator with the use of a working fluid (Hitec XL).
The system has a solar multiple of 3.1 and 18-hours of storage, resulting
in a solar share of 0.7 and a LCOH of 3.85 (¢/kWh). The thermal energy
required for the regeneration of the solvent in the reboiler of the stripper

can be provided via solar energy and a part of steam generated in the
reformer. Here, it is assumed that most of the energy needed is provided
with solar energy, whereas the remaining is supplied by a part of steam
generated in the reformer of the ammonia plant. When there is sufficient
solar radiation, the working medium is heated up. Part of it is stored in
tanks and a part produces steam used to regenerate the solvent. When
solar energy in not sufficient, the thermal energy storage with additional
extracted steam from a part of steam generated in the reformer of
ammonia plant are used for the regeneration of the solvent. The benefits
of this system are the use of solar energy and the CO, captured for urea
production. The system can operate independently and solely based on
solar thermal energy during the summer [45]. Fig. 2 presents a flow
diagram of the SPCC system. In the figure, LPS and MPS stand for low
and medium pressure steam respectively, and SA-DCC stands for soda
ash wash-direct contact column.
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3. LCA methodology

The LCA is based on ISO 14040 and ISO 14044 standards. These LCA
standards define four basic steps: i) the definition of the goal and the
scope, ii) the definition of a Life Cycle Inventory (LCI), iii) an impact
assessment and iv) the interpretation of the results [49].

To obtain 16 midpoint impact categories in the LCA, the interna-
tional reference life cycle data system (ILCD) method is used. The impact
categories included in this study are the following: 1) Climate change
(CCQ), also called Global Warming Potential, has been established by the
Intergovernmental Panel Climate Change (IPCC), is obtained by calcu-
lating the radiative forcing over a time horizon of 100 years. 2) Ozone
Depletion (OD) represents the destructive effects on the stratospheric
ozone layer over a time horizon of 100 years. 3) Human toxicity, cancer
effects (HTC) and 4) non-cancer effects (HTNC) are calculated in
Comparative Toxic Units for humans (CTUh). This indicator expresses
the increase in morbidity in the human population. 5) Particulate matter
formation (PMF) estimates the impact of PM2.5 particulates. 6) Ionizing
radiation on human health (IRHH) quantifies the impact of ionizing
radiation on the population, in comparison to Uranium 235. 7) Ionizing
radiation on ecosystems (IRE) expresses the potentially affected eco-
systems in terms of toxicity. 8) Photochemical ozone formation (POF)
refers to the potential contribution to photochemical ozone formation.
9) Acidification (AC) characterizes the potential of acidifying substances
deposits in terrestrial and main freshwater ecosystems. 10) Terrestrial
eutrophication (TE) refers to eutrophying substances (i.e., nutrients)
deposited to the soil. 11) Freshwater eutrophication (FWEU) represents
the potential of nutrients reaching the freshwater or 12) the marine end

compartment (Marine eutrophication, ME). 13) Freshwater ecotoxicity
(FEW) expresses the potential of species affected by toxicity in fresh-
water. 14) Land use (LU) represents changes in the soil organic matter.
15) Water resource depletion (WRD) is the scarcity-adjusted amount of
water used. Finally, 16) resource depletion (RD) is the scarcity of a
mineral resource.

The goal of this analysis is to determine the EI of the CCU in the
production of urea. To this purpose, 1 kg of urea is chosen as the
Functional Unit of the analysis. The production of the function unit (1 kg
of urea) in the base scenario is compared with the CCU and SPCC sce-
narios. The third scenario that integrates a solar-assisted post-combus-
tion carbon capture (SPCC scenario) is assessed to evaluate a more
sustainable operation. The LCA-scenarios follow a cradle-to-grave
approach, considering all inputs/outputs necessary to generate the
main product. The LCA model has been conducted by taking the hourly
average urea production. There are probably periods with more pro-
duction and others with lower production; however, as an average the
amount of urea production is considered hourly. It would be the best
way to calculate the Els as this is a static LCA model.

Fig. 3 displays the boundaries of the three scenarios. As seen, part of
the flue gas released in the ammonia plant i.e. %23 (63.3 ton/h) is used
in the CCU unit. For clarification and reproducibility, the LCI of the
process with all input/output material and energy flows and the
Ecoinvent 3 item used in the LCA model, are presented in Tables 1, 2 and
3. The LCI of the production of NH3 in the ammonia plant, the pro-
duction of CO5 in the CCU unit, and the production of urea in the urea
plant are presented in units per hour. The EIs are based on the product
generated and they are thus reported per kg of urea produced. The LCA
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Fig. 3. Flowchart of the LCA boundaries for the three studied scenarios. A) Base scenario. B) CCU scenario. C) SPCC scenario.
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Table 2

Life Cycle Inventory of the CCU. (*) As shown in Fig. 3, depending on the sce-
nario, the steam comes from the ammonia plant (CCU scenario) or from both the
ammonia and the solar plants (SPCC scenario).

Products CCU SPCC Units

scenario scenario

CO, from CCU 5500 5500 kg/h

Inputs Dataset (or proxy)

Steam from * 11 3.3 ton/
Ammonia h
plant

Steam from * 7.7 ton/
solar system h

Flue gas 63.3 63.3 ton/

h
MEA Monoethanolamine {RUW}\ 4.52 4.52 kg/h
ethanolamine production |
APOS, U
NazCOs Soda ash, dense {GLO}| 1.48 1.48 kg/h

market for | APOS, U

Tap water {RoW}| market 1387.45 1387.45 kg/h
for | APOS, U

Electricity, medium voltage 278.42 278.42 kWh
{IR}| market for | APOS, U

Cooling water
Electricity

Emissions to air

Nitrogen 42,120 42,120 kg/h

Carbon 961.20 961.20 kg/h
dioxide

Oxygen 1760.40 1760.40 kg/h

Waste

Wastewater 7920 7920 m?

is conducted using the SimaPro software that allows the estimation of
the EIs of the plant per unit of product.

There is no allocation among the various products of the base sce-
nario. The generated streams of the ammonia plant (NHs, CO5 and steam
to urea plant) are treated as a single output and delivered to the urea
plant. In the CCU and SPCC scenarios, the production of steam is divided
into two branches. As in all scenarios, 86 ton/h steam is sent to the urea
plant (see Table 1). A smaller quantity is directed to the reboiler of the
stripper in the CCU (11 ton/h in the CCU and SPCC scenarios). The
concentrating solar system in the SPCC case provides 70% of the steam
needed in the CCU plant (i.e., 7.7 ton/h of steam). The steam considered
in the expanded system in this case, thus, is 3.3 ton/h. In other words, 97
ton/h of steam used in the urea plant are divided into 93.7 ton/h sent to
the urea plant and 3.3 ton/h sent to the CCU unit.

Table 1 shows the reduction in natural gas (fuel) in the different
cases. The use of concentrating solar in the SPCC scenario leads to a
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reduction of 433.8 m3/h of natural gas, with respect to the base and CCU
scenarios. From the previous study [45], it was found that almost 5.5
million m® natural gas would be required to deliver the demand of the
stripper annually. If the system were fully supported by natural gas, it
would release over 10 million kg CO, annually. The natural gas con-
sumption is reduced by about 3.8 million m® considering 70% of the
thermal required covered by the solar system. As expected, the scenario
with the highest emissions to the air is the base scenario, resulting in a
total of 273.9 ton/h. In the other two scenarios part of these emissions i.
e. %23 (63.3 ton/h) is captured in the CCU unit.

Table 2 presents the LCI of the CCU unit included in both the CCU
and SPCC scenarios. The simulation assumes that 63.3 ton/h of the flue
gas is used for CO5 recovery. After the CO5 production, N3, CO, and Oo
emissions are released to the air, while there is also a wastewater stream.
As mentioned, in the case of the CCU and SPCC scenarios, 11 ton/h of
steam is necessary to be delivered in to the reboiler of stripper to pro-
duce 5500 kg/h of CO».

As seen in Table 3, the different scenarios result in different amounts
of generated urea. The base scenario produces 76.67 ton/h urea, while
the production in the CCU and SPCC scenarios increases to 83.33 ton/h
since the captured COs is fed to urea plant to increase the production
rate. Accordingly, the required amount of NHjs is increased in the CCU
and SPCC scenarios. This is basically due to the additional CO5 captured
in the retrofitted PCC unit in the CCU scenario. Interestingly, there are
also differences in the steam required in the different processes. In the
base scenario, all the steam production in the ammonia plant goes
directly to the urea plant. It is needless to say that the differences be-
tween the CCU and SPCC scenarios in the process of producing urea is
based on a Stamicarbon license. It is a CO4 stripping method in which
steam is used in urea Stripper. The other place where steam is consumed
is the synthesis compressor, which is a heavy-duty equipment. In the
CCU and SPCC scenarios, on the other hand, the situation is different. In
the CCU and SPCC scenarios, 11 ton/h of the steam is supplied by the
ammonia plant, while 70% of the necessary steam in the SPCC scenario
comes from the concentrating solar system. The extra steam requirement
in the different cases are 79.5 ton/h in the base case, 90.5 ton/h in the
CCU scenario, and 82.8 ton/h in the SPCC scenario (7.7 ton/h covered
by the solar unit).

4. Results and discussion
The results of the LCA analysis for 1 kg of urea production are shown

in Table 4. It is seen that the CCU scenario results in lower EIs than the
base scenario in all of the assessed environmental categories. In

Table 3
Life Cycle Inventory of urea production in every scenario.
Product Base CCU SPCC Units
scenario scenario scenario

UREA 76.67 83.33 83.33 ton/
h

Inputs Dataset (or proxy)

NH3 Previously modelled 50 57 57 ton/
h

CO, Previously modelled 63 63 63 ton/
h

Steam to urea plant Previously modelled 97 86 93.7 ton/
h

CO, from CCU Previously modelled 5.5 5.5 ton/
h

Process air Air (resources) 61,500 61,500 61,500 kg/h

Urea formaldehyde Urea formaldehyde resin {RoW}| production | APOS, U 0.7 0.7 0.7 kg/h

concentrate
Electricity Electricity, medium voltage {IR}| market for | APOS, U 1227.5 1227.5 1227.5 kWh
Steam Steam, in chemical industry {RoW}| market for steam, in chemical industry | 79.5 90.5 82.8 ton/
APOS, U h
Waste
Wastewater 15 15 15 m3/h
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Table 4
LCA results. EIs for the production of 1 kg of urea in the base, CCU and SPCC
scenarios.

Impact Units Base io  CCU io  SPCC
Category scenario
Abb.

cC kg CO; eq 1.543 1.382 1.380

oD kg CFC-11eq  2.29:1077 2.11:1077 2.10-1077
HTC CTUh 9.01.1078 8.30-107% 8.28.1078
HTNC CTUh 5.74-107° 5.29-107° 5.26:107°
PMF kg PM2.5 eq 6.62:107* 6.09-107* 6.09-10*
IRHH kq U?* eq 2.62:1072 2.41.1072 2.41.1072
IRE CTUe 1.92.1077 1.77-1077 1.77-1077
POF kgNMVOCeq  2.96:1073 2.73.1073 2.72.1073
AC molc H™ eq 5.53.107° 5.09-1072 5.08.1072
TE molc N eq 7.98.1073 7.36:1073 7.34.1073
FWEU kg P eq 1.76:107° 1.62:10°° 1.62:10°°
ME kg N eq 7.34107* 6.77-107% 6.76:107*
FWE CTUe 7.61.107! 7.01-107! 6.98.107!
LU kg C deficit 2.081 1.917 1.909
WRD m® water eq 2.85.107* 2.52.107* 2.53.107*
RD kg Sb eq 5.05.107° 4.66-107° 4.64.107°
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addition, the SPCC has environmental benefits in all the environmental
categories, when compared to the base scenario. Moreover, when
compared to the CCU case, the SPCC scenario improves the environ-
mental behavior of all environmental categories to some extent. The
results for WRD are 2.85-10-04, 2.52.:10-04, 2.53-10-04 m3 water
equivalent per kg of produced urea for base, CCU and SPCC scenarios
respectively. An exception is the WRD, where 3.31-10 °m® /kg urea are
saved in the CCU scenario, compared to the base case and 3.18-10 ~> m>
/kg urea are saved in the production of urea in the SPCC scenario. As
shown in Table 4, 0.161 kg CO eq per kg of urea production are saved
when the urea is produced in the CCU scenario instead of the base case.
In addition, in the SPCC scenario 0.163 kg CO eq per kg urea are saved
when compared to the base case. Fig. 4 shows the relative Els of the
three scenarios. When the CCU is integrated in the urea production
system (in both the CCU and SPCC scenarios), a reduction of more than
7% is achieved in all the environmental categories, resulting in a
reduction of more than 10% in impact categories like CC and WRD. The
most important observation is that the CCU and SPCC scenarios reduce
all environmental categories with respect to the base scenario. The
differences between the CCU and SPCC scenarios are almost conspicu-
ous. According to Fig. 4, the SPCC scenario shows noticeable improve-
ments in all EI categories compared to other two scenarios.

Fig. 5 presents the analysis of the stand-alone CCU process for
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Fig. 4. LCA characterization results. Relative EIs of the three scenarios per 1 kg of urea production.
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Fig. 6. EI contribution [%] of the selected input/outputs in each case study of urea production. A) Base scenario. B) Scenario with CCU and C) Scenario SPCC.

capturing CO3 in the urea plant. The 11ton/h steam necessary to pro-
duce 5500 kg/h of CO; has the highest relative EI in the CCU unit. In
fact, this CO2 comes from the natural gas combustion to produce this
steam. The study of the stand-alone CCU shows that electricity, soda ash
and MEA have minor contributions to the different EI categories of this
process. Regarding the emissions, a negative contribution in the CC
category is noted (i.e., environmental benefit). This is primarily because
the CO; production recovers 63.3 ton/h of flue gas.

Fig. 6 presents the contributions of the inputs/outputs of the urea
production of every scenario to the environmental categories. Other

items referred to as “others” and their contribution to the environmental
profile of the urea production is very small. The steam category high-
lights how this contribution affects the different environmental cate-
gories. It is obvious that a reduction in the required steam, would reduce
the EI of the CCU unit overall. With this in mind, other processes like the
ammonia production in the CCU scenario or even the solar energy in the
SPCC scenario are considered to provide the necessary steam. Using
steam from other processes and accounting for the environmental
benefit in the CC, makes the final CCU contribution to this CO5 almost
negligible (see Fig. 6B for the CCU scenario and Fig. 6C for the SPCC
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scenario).

Except for WRD, the NH3 process (blue color group of items in Fig. 6)
has a prominent role in all impact categories when it takes part of the
production of urea. When looking at the NH3 production (i.e., blue
items), the impact of the steam is significantly higher than that of
electricity or natural gas. A significant reduction in the CC is achieved
when the CCU is included. The results also show the reduction in
emissions in the CCU and SPCC scenarios (210.6 ton/h), when compared
to the base scenario (273.9 ton/h). The emissions in the NH3 plant
represent 16% of the total CC in the base scenario and 12% in the CCU
(Fig. 4B) and SPCC scenarios (Fig. 4C). Analyzing the urea production, it
is noted that after the NHgs, the steam is the item with the highest
contribution to all the environmental categories. The impacts of the
wastewater and the electricity in the urea plant are relatively negligible.

In the SPCC scenario the amount of energy consumption is reduced.
This reduces in turn the natural gas feed by the relatively small amount
of 433.8 m3/h (Table 1). The reduction from 15,535 m3/h (base and
CCU scenarios) to 15,101.2 m3/h (SPCC scenario) changes the EI
slightly. Further efforts should be focused on the steam reduction in the
NHj plant. Fig. 4 also reveals the big influence of the steam in both
ammonia and urea production. A closer inspection of the environmental
categories, such as the WRD, also supports that there is a need to reduce
the EI of the steam.

5. Conclusion

A life cycle assessment is realized to evaluate the environmental
impact of an existing industrial process, a petrochemical plant in Iran.
The plant generating urea fertilizer and liquid ammonia is studied under
three scenarios: (i) as is (base case), (ii) with carbon capture and utili-
zation and (iii) with carbon capture and utilization supported by solar
energy. The analysis includes a conventional cradle-to-gate LCA anal-
ysis, using the SimaPro software. The carbon footprint of the base plant,
the plant with CO, capture, and the plant with solar-assisted CO; cap-
ture are found to be 1.543 kg CO» eq, 1.383 kg CO- eq and 1.380 kg CO»
eq per kg of urea production, respectively. In addition to the environ-
mental benefits of the CO5 capture plant, the system boosts the capacity
of the urea production by about 8%. However, although the solar unit
reduces the natural gas consumption by 3.8 million m® annually, the
reduction of the environmental impact is rather small relative to the
plant with CO; capture without solar input. The analysis carried out in
this work shows that the plant with CO5 capture results in the overall
best performance under the defined considerations. The integration of
similar systems in chemical industries in Iran is thus seen as a promising
solution.
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