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1. Introduction
1.1. Motivation and background

Human activity has been altering the environment for thousands of years, yet these effects have been
mostly local. Everything changed more than two centuries ago when the Industrial Revolution sparked with
the creation of the steam engine by James Watt [1]. However, all the breakthroughs brought by the Industrial
Revolution have been echoed by enormous quantities of carbon dioxide (CO2) and other greenhouse gases
(GHGs) emitted into the atmosphere through the burning of fossil fuels [2]. Even though GHGs are crucial
for the existence of life on Earth as the greenhouse effect helps maintaining a proper temperature [3],
increased concentration levels in the atmosphere result in additional heat being trapped, thus ultimately
leading to global warming and climate change [4].

Each of the GHGs presents an individual effect on warming the Earth. The key distinctions by which
the effect of GHGs differ from one another consists of their capacity to absorb energy, which is referred to
as radiative efficiency, as well as the period spent in the atmosphere, or so called “lifetime”. Global
Warming Potential (GWP) serves as a metric that enables comparisons between various GHGs in terms of
the effects they have on global warming. To align with the regulations set by the Intergovernmental Panel
on Climate Change (IPCC), CO> was set as the reference gas thus the GWP score is assigned to 1 regardless
of the time period. Table 1.1-1 presents various data related to the main anthropogenic GHGs.

Table 1.1-1. Primary anthropogenic GHGs [5]

GWP -100 Share of total

GHG Lifetime in the atmosphere years’ time  anthropogenic
frame emissions
From 200 years up to tens of thousands
CO; 1 73.11
of years
CH;, fossil origin 29.8
I 11.8 years - 17.74
CHy, non fossil origin 27.2
N.O 109 years 273 6.58
) From months up to tens of thousands of CF4: 7380
Fluorinated compounds 2.57
years SFe: 25200

Carbon dioxide is by far the most significant anthropogenic GHG, with emissions hitting an

unprecedented level of 410 parts per million (ppm) in 2019, compared to the 280-ppm registered in the 19"
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century. In addition, CO; accounts for roughly 73% of overall human caused emissions. In 2019, CH4 and
N>O emissions were 1866 and 332 parts per billion (ppb), respectively. Moreover, based on currently
available data, even greater concentrations of the aforementioned GHGs (i.e., 415 ppm CO,, 1896 ppb CH,,
and 335 ppb N»O) were recorded in 2021. If considerable worldwide initiatives to diminish CO, emissions
are not adopted, the IPCC forecasts an increase in global surface temperature of 1.5°C to 4°C during the
course of the next century. The majority of the CO, emissions are caused by the burning of fossil fuels and
industrial operations.

According to the International Energy Agency (IEA), although power generation released 1.3% fewer
CO; emissions in 2019, it continued to remain the leading contributor, accounting for 41% of global CO;
emissions with coal as the most commonly used source (i.e., 29%), followed by natural gas (i.e., 9%) and
oil (i.e., 2%) [6]. In addition to the GHG emissions that result from thermal and power generation,
significant volumes of CO, emissions are released as well from the industrial sector. As reported by the
IEA, the industrial sector accounts for approximately 37% of total energy consumption in 2022. The
sustained rise in production in large energy industrial processes consumers (i.e., iron and steel, cement,
pulp and paper, etc.) has been a major factor in the increase in power consumption during the last 10 years
[7]. Moreover, in 2022, industry was responsible for 9.0 Gt of CO, emissions, thus accounting for almost
one-quarter of total GHG releases [7]. The majority of the GHG are directly related to the on-site fossil fuel
burning necessary for the power generation. Nevertheless, additional CO, emissions occur either as a by-
product of the main production process or as a result of chemical transformations that may took place and
cannot be mitigated (i.e., mineral decomposition, metallurgical processes, etc.) [8]

In the last 5 years, the iron and steel sector’s CO, emission intensity has been reasonably consistent,
ranging from 1.43 to roughly 1.41 t CO; per t of steel. However, in order to meet the targets outlined in the
Net-Zero Emissions (NZE) by 2050 Scenario, emission intensity must decrease to 0.7 t CO- per t of steel.
When it comes to the cement sector, the key problem is lowering GHG emissions while satisfying
worldwide demand [7]. As in the case of the iron and steel sector, the direct CO, emission intensity of
cement manufacturing remained essentially stable over the previous five years, 0.58 t CO; per t of cement,
and is anticipated to have climbed by 1% in 2022. To achieve the NZE by 2050 Scenario, the CO; intensity
needs to decrease by 4% every year until 2030, hence is essential to increase energy and material efficiency,
adopt renewable energy sources (RESs), substitute clinker with such-other materials and develop new
manufacturing methods with almost no emissions [7]. The integration of Carbon Capture and Storage (CCS)
systems within cement plants is also considered and this strategy is seen as the best medium-term alternative
towards GHG mitigation [9].

During 1990 to 2022, the average yearly growth rate of transportation emissions was 1.7%, which was

higher than that of any different sector with the exception of industry, which increased as well at a rate of
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1.7%. According to IEA, in 2022, transportation-related GHG emissions increased by 3% (with over 250
Mt of CO,) over those of 2021 as a result of the resurgence in passenger and freight transport activities
following the COVID-19 pandemic. In spite of a projected increase in demand, transportation emissions
would need to drop by nearly 25% to close to 6 Gt by 2030 in order to meet the goals of the NZE Scenario
[7].

Therefore, for the purpose of preventing new CO, emission peaks and stop the ever-increasing GHG
releases, it is essential to decarbonize both industry and transportation in addition to the heat and electricity
production sector [10]. Several measures such as higher material and energy efficiency, much quicker
transition to renewable power sources, as well as much quicker integration of Carbon Capture Utilization
and Storage (CCUS) technologies within the production process are required for the industrial sector to
curb GHG emission and get on track with the NZE Scenario [7]. In CCUS, CO: is usually captured from
large stationary sources such for example power plants or industrial processes. CCS entails the
transportation of CO; to a storage location before it is injected into geologic structures for long-term
preservation, whereas Carbon Capture and Utilization (CCU) refers to the use of captured CO; as raw
material in the manufacturing of valuable chemicals or fuels.

Depending on the characteristics of either the power plant or process, the IPCC [11] defines three
primary strategies for integrating CCS systems (Figure 1.1-1):

N2
0,
Coal
CcO
Gas Power & Heat Separafion
Biomass
Air E -
Air/lO
Biomass ‘ /

Pre combustion Gasification

; X
Reformer N,O,

2
+CO, Sep. > Power & Heat
2 /

Co,
Compression
& Dehydration

Gas, Oil

Air

Coal co,

Biomass
40,
N,
Air = [Air Separation
Air/lO,
Coal co,
Industrial processes Gas mmmsmmmmmsm| Process +CO, Sep.
Biomass L1 N
Raw material Gas, Ammonia, Steel

Figure 1.1-1. Overview of CCS configurations [11]
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» Post-combustion CO- capture systems aim CO, separation from the flue gas stream generated by
the combustion of fossil fuels in air. Prior to being discharged directly into the environment, the
exhaust gases are processed by specific CO, removal technology. This type of technology may be
used regardless of the type of fuel, however keeping track of impurities is critical in obtaining a
cost-effective plant [12].

» Pre-combustion CO, capture systems separate the CO. from fuel before to its combustion.
Following this approach, the primary fuel is reacted with either steam (Eq. (1.1-1)) or air/O, (Eq.
(1.1-2)) to generate syngas. The first method entails the addition of steam to the main fuel, thus
resulting in a process referred to as Steam Methane Reforming (SMR). The second approach
involves adding O to the fuel, resulting in a process described as partial oxidation and gasification
when performed on liquid and solid fuels, respectively. Then, the water gas shift (WGS) process is

employed to transform the syngas into a mixture of CO, and Ha.

. y

CeHy + xH,0 2 xCO + (x + E) H, (1.1-1)
x y

Cely +50, @ xCO + (E) H, (1.1-2)

» Oxy-fuel combustion CO, capture refer to the utilization of a pure O, stream instead of using air
when performing fuel combustion. The exhaust stream in this design mostly consists of large
concentrations of CO; and water vapor and, therefore, the CO, may be removed by condensing the
water vapor. Based on the type of fuel burned, a flow consisting of 80% up to 98% CO- is produced
[13].

The post-combustion capture approach is seen to be the best strategy for large industrial processes, but

the power industry can adopt any of the three CO, capture technologies. For each of the aforementioned

carbon removal technologies, either chemical or physical methods are employed for CO, removal.

1.2. Goals and objectives

The main goal of this thesis is to assess and compare the performance of different configurations
(integration of a carbon capture system; evaluation of process integration opportunities; or investigation of
different energy scenarios) of high pollutant energy intensive industrial processes with the purpose of
identifying possibilities to increase the overall efficiency, while reducing the environmental burden. The
following is an overview of the objectives that have been set towards achieving the proposed goals:

1. Comprehensive literature review to emphasize the intent and current status of the research;
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2. Process modelling and simulation of different configurations and approaches of energy-
intensive industrial processes to achieve better technical performance, as well as to gather
mass and energy balance data for further performing the environmental impact evaluation;

3. Heat integration by means of the Pinch method to achieve effective energy and materials
integration, while reducing emissions and waste generation;

4. Technical assessment of the identified high pollutant energy-intensive industrial processes
and comparison with alternative configurations aiming, on the one hand, to reduce the amount
of heat and power, as well the primary materials used, and to increase, on the other hand, the
environmental performance;

5. Environmental impact evaluation using the Life Cycle Assessment (LCA) methodology of
selected industrial processes and a comparison with various alternative configurations that
either include a CO, removal system or assess different energy scenarios.

The industrial sector accounts for approximately 37% of total energy consumption in 2022, while
emitting around 9.0 Gt of CO; (quarter of total releases). Of the total share, cement production sector is
responsible for nearly 2.5 Gt CO with an emission intensity relatively stable at about 0.6 t CO; per t of
cement. In addition, it is estimated that the average thermal power of clinker declined by 0.2% per year
from 2010 to 2020 before eventually levelling out at around 3.6 GJ per t of clinker. However, the decline
paired with a rise in sector’s electricity intensity ending at 100 kWh per t of cement in 2022. Chemical
sector ranks first in terms of energy consumption among other industrial sectors, but it is placed third in
terms of direct CO, emissions. The main products generated by the chemical and petrochemical sector
include ammonia, methanol and valuable chemicals such for example ethylene, propylene, benzene, etc.
Due to a slowdown in production, the direct CO. emissions of primary chemicals manufacturing were
roughly steady at 935 Mt in 2022. The largest contributor to emissions from chemical production is
ammonia, which accounts for 45% of total releases. Methanol (28%) and high value chemicals (27%) rank
second and third, respectively [7]. Ammonia makes a substantial contribution to the agricultural sector since
it serves as the first component of all mineral nitrogen fertilizers (70% of total output used in fertilizer
production). Currently, ammonia manufacture makes up to 2% of the world’s final electrical consumption.
About 40% of the energy intake is used as feedstock contributing to the H; in the final product, while the
remaining 60% is mostly utilized to produce heat [14]. According to data presented by the IEA, the direct
emissions associated to ammonia manufacturing are estimated to be roughly 450 Mt CO,, which is very
similar to the total CO, emissions of South Africa’s energy system. Moreover, ammonia produces close to
2.4t CO; per t of product, which is about four times as much as that of cement [14]. Last but not least, CO»
emissions from transportation continued to increase in 2022, rising by over 250 Mt CO; to about 8 Gt CO,,

3% over the amount recorded in 2021 and almost reaching their 2019 level.
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The ever-increasing heat and power demand, as well as the growth in consumption levels owing to the
expansion in world’s population resulted in unprecedented atmospheric CO- levels and extreme climate
phenomena. Therefore, the following energy-intensive industrial processes were investigated:

1. Cement production;
2. Biofuel production;
3. High value chemicals production;

4. Fertilizer production.

1.3. Carbon capture, utilization and storage technologies

1.3.1. Reactive gas-liquid absorption system using amine-based solvents

The system operates on an absorption-desorption cycle during which the amine solution chemically
reacts with the CO, within an absorption column, followed then by solvent regeneration within a desorption
unit, thus discharging the absorbed CO, [15,16]. The reactive gas-liquid system is presented in
Figure 1.3-1. The solvent comes into contact opposite one another with the exhaust gas which progressively
warms up while it absorbs COy, resulting in a CO- rich flow. Further, the CO; rich stream is heated through
a heat exchanger by using the regenerated solvent stream resulting from the desorption column. Throughout
the desorption unit the CO; is separated from the solvent stream by rising its temperature to around 120°C
to 140°C. In addition, a second heat exchanger is utilized to further reduce the temperature of the amine-
based solution before it is recycled into the absorption unit. Alkanolamines are among the most frequent
CO; capture solvents used. They may be divided as follow: primary (i.e., Mono-Ethanol-Amine — MEA),
secondary (i.e., DEA), tertiary (i.e., Methyl-Di-Ethanol-Amine — MDEA), as well as cyclic amines such

for example piperazine.

Droplet

Condenser separator

CO: to storage/

Clean gas Rt
utilization

Compressor

Amine solution

Absorption
column

column

Exhaust stream

COs5 rich stream =

Lean Amine Condensate

Figure 1.3-1. Schematically representation of the amine-based chemical scrubbing process
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1.3.2. Reactive gas-solid adsorption system using calcium looping technology

Chemical-looping methods employ O carriers or CO- sorbents as chemical intermediates to naturally
remove CO; with the least amount of energy [17]. In order to release the O, needed for fuel combustion,
O, carriers are typically solid metal oxides designed to perform repeated oxidation-reduction cycles [18].
This sort of chemical looping technology is referred to by the scientific community as calcium looping
(CaL). Herein, sorbents, often in the form of calcium oxide (CaO), react with CO, to generate calcium
carbonate (CaCQOs), which is then decomposed in an entirely separate unit to release an almost pure stream
of CO,. Usually, CaL is employed in post-combustion CO; capture applications as it relies upon a reversible
carbonation reaction to remove the CO, from the flue gas within the first unit (i.e., carbonator) and
regenerate the sorbent using a second unit (i.e., calcinator). An almost pure stream of CO; is produced by

the calciner without the use of any further separation methods.

Clean gas O, Sorbent
) ‘0, CO, to storage /
Exhaust streamm —{Carbonator Calciner CO‘ . 200 S
conditioning utilization
CaO Fuel » Spent solid

Figure 1.3-2. Schematic diagram of the CaL technology

Figure 1.3-2 illustrates a schematic diagram of the CaL approach for CO, capture. As shown, two
interconnected reactors are used to carry out the process. CO- is removed in the first reactor through the
carbonation reaction (i.e., referred as the direct reaction), Eq. (1.3-1), while the sorbent is regenerated in

the second unit, discharging the captured CO-, Eq. (1.3-2).

CO, + Ca0 — CaCOs, AHYs = —183 kJ/mol (1.3-1)

CaCO3 — CO, + Cao AH9g = +183 kJ/mol (1.3-2)

Given that sorbent regeneration process is highly endothermic, additional fuel must be burned along
with O, to avoid CO; dilution. Therefore, an ASU must be employed, thus causing a decrease in power

efficiency. Owing to the fact that high temperatures are employed within this process (i.e., above 600°C in

10



UNIVERSITATEA |
BABES-BULYAI Introduction

Carbon capture, utilization and storage technologies

the carbonator and around 950°C in the calciner), there is significant opportunity for energy recovery. Part
of the energy loss caused by the ASU might be compensated for by producing steam and expanding it
through a steam turbine.

With the exception of having strong CO; adsorption capacities rather high O transport ability, CO>
sorbents should possess similar features such those of the O, carriers. Natural ores that have substantial
CO; adsorption capacities and no health and safety issues are the most researched, for example limestone
and dolomite [19,20]. The main drawback when related to sorbents consists of their diminished adsorption
ability after performing several cycles [20,21], thus leading to high amounts of sorbent make-up.
Nevertheless, it has little impact on the process’s viability at large scale because of their low cost and the
possibility of reusing the purged material within a different process. Due to this, natural calcium-based
materials (i.e., limestone) are utilized as sorbent materials for capturing CO, by means of the CaL

technology.

1.3.3. Membrane separation processes

Nowadays, membrane separation systems are regarded as one of the most efficient methods because of
their numerous advantages, including low energy consumption cheap operating costs, ease of operation, as
well as their compatibility with other technologies [22]. Membranes may be utilized in a wide range of
applications, such as replacing distillation process by reverse osmosis [23], purifying natural gas using
membrane technology instead of the amine scrubbing technology [24], or to capture CO- [25].

Membrane separation does not require any phase changes or any chemical solvents, but a membrane
must possess a high level of selectivity, high permeance, thinness, and also needs to be physically,
chemically, mechanically, as well as thermally stable for industrial use in order to obtain high CO;
separation yields.

Based on the above consideration, Figure 1.3-3 presents the design of a 3-stage membrane separation
system applied for CO- capture from cement industrial sector.

Recycle

Recycle

’—» Clean gas

CO, to storage /
Exhaust stream — —D . D . D . > e
utilization

Compressor 1% stage ompressor 2%stage Compressor 3% stage
module module module

Figure 1.3-3. Membrane separation system applied for post-combustion CO- capture

11
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2. Assessment methodology
2.1. Process modelling and simulation

The modelling and simulation aspects of the proposed processes were carried out by means of
CHEMCAD process simulation software developed by Chemstations. CHEMCAD, as a chemical process
simulator, allows the access to a comprehensive database of chemical components, an extensive library of
thermodynamic data, as well to a collection of the most popular unit operations. Because of the numerous
benefits it provides, the software is extensively utilized for design, operation, and optimization in many
different industries, for example oil and gas production and refining, pharmaceuticals, green fuels,
equipment sizing, etc. In addition, CHEMCAD has the ability to simulate both steady-state and dynamic

systems, and can perform simulations of batch, semi-batch or continuous processes [26].

2.2. Thermal integration

Heat integration proves crucial for increasing energy efficiency and cutting operating costs in the
process industries, for instance carbon capture integration within cement manufacturing sector. In addition,
by implementing energy efficiency measures, CO, emissions can be decreased [27]. Given that thermal
energy significantly impacts the process costs, heat integration has been frequently employed to decrease
the consumption of hot and cold utilities. As a result, the deployment of waste heat recovery technology
will thus remain an appealing alternative to using excess energy for heating purposes [28].

Pinch analysis (PA) is the first fully viable method for the design of heat exchanger networks. Following
this approach, the reduction of energy consumption is tackled from a thermodynamic perspective and it is
based on the process flowchart, as well as process’ mass and energy balance data [29].

At first, the enthalpy flux change is computed according to Eq. (2.2-1) [30], which takes into
consideration the supply and target stream temperatures (i.e., the initial value of the stream temperature and

the value of the stream temperature after performing heat integration).
AH =m X Cp X AT =m X ¢y X (Tiy, — Toyt) (2.2-1)

where m represents the mass flowrate, C,, is specific heat capacity, Ti» and Tou are the supply and target
stream temperature, respectively.
Additionally, besides the sensible heat changes, either condensation or evaporation contribute

significantly to enthalpy change and this can be computed by means of Eq. (2.2-2):

12
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AH =m X A (2.2-2)

where m and A are the mass flowrate and latent heat of the condensing or evaporating stream.

The composite curves (CCs) are a tool used to provide the energy targets, thus to identify which streams
need to be heated or cooled [31]. The Hot Composite Curve (HCC) and the Cold Composite Curve (CCC)
express the total heat source and heat demand of a process, respectively, and are obtained merging the hot
and cold streams of a process. The latent heat of condensation or vaporization is represented by the
horizontal lines in both the hot and cold CCs, respectively.

2.3. Technical evaluation

Technical evaluation is essential to assess both the efficacy and potential of a process or a system, and
to determine whether the objectives it was designed to are achieved. Key performance indicators (KPIs)
serve as a tool to measure the performance and make it possible to easily compare related processes or of
different process configurations. The KPlIs that follow can be utilized to ascertain the performance of the
proposed processes:

» Carbon Capture Rate — quantifies the amount of CO; captured by the carbon capture system

from the total carbon molar flow from the raw material

FCOZ,captured

CCR = X 100% (2.3-1)

Ffeedstock carbon
» Net power efficiency — measures the overall electric efficiency of the system and it is
computed as the ratio between the net power output and total thermal energy intake

Mer = — 1 100% (2.3-2)
"¢t my x LHV '

where P is the net electric output and ms and LHV are the mass flowrate and low heating value of the fuel,
respectively;
» Gross power efficiency — can be computed by dividing the gross electric power output to the

total thermal input

P
gross
— 1970 1009 ]
Mgross = " LHV % (23-3)

where Pgross represents the gross power output;
» CO; specific emission rate — total CO, specific emission rate is directly related both to the

electricity import or export, as well to an average emission factor

13
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SECOZ =

24,

on — site CO, + electricity import/export X emission factor

X 1009 2.3-4
product unit (e.g., MW, kg) ° &

Life Cycle Assessment

Life Cycle Assessment (LCA) was developed with the purpose of promoting the most sustainable

alternatives among several options by quantifying the environmental burden of each individual system, thus

making LCA a valuable decision-making tool [32]. In addition, the knowledge it offers through tracing and

quantifying the inputs and outputs of a system assists in prioritizing the aspects that may be improved,

making LCA a complement to technical developments [33].

LCA computes the environmental and human health effect of a specific product or system by

considering a particular function and taking into account all life cycle stages. As stated by the International
Organization for Standardization (ISO) throughout 1ISO 14040:2006 (i.e., principles and framework) [34]
and 1SO 14044:2006 (i.e., requirements and guidelines) [35], an LCA investigation consists of a Goal and

scope definition, Life Cycle Inventory (LCI), Life Cycle Impact Assessment (LCIA), and Interpretation.

a)

b)

d)

Goal and scope definition — must clearly identify the objectives and purpose of the study, the target
group and whether the results will be utilized in comparison assertions meant to be released to the
general public [32]. In addition, key elements including system’s function, functional unit (FU),
system boundaries, allocation between two or more products, limitations etc. must be defined [35].
Life Cycle Inventory — involves creating an inventory of reference flows for a given process or
product. It includes accurate recording of all input and output streams, such as raw materials,
resources, different types of energy and pollutants to air, water and soil.

Life Cycle Impact Assessment — seeks to establish a connection between the elementary flows of
the system to their possible environmental impact, thus it translates the reference flows into
environmental impact categories, presented in Table 2.4-1.

Interpretation — delivers a set of conclusions and recommendations based on the results gathered
from inventory and impact assessment, respectively. Consists of identification of primary
contributors (i.e., hotspots), an examination of the study’s comprehensiveness, sensitivity and

reliability as well as conclusions, limitations and recommendations [36].
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Table 2.4-1. Overview and description of environmental category indicators for ReCiPe impact assessment method

Impact indicator

Characterization

Main contributors

Global Warming Potential (GWP)

Anthropogenic emissions leading to an increase in surface

temperature. Unit: kg of CO; equivalents to air

CO,, CH4, N2O, NO3,
CFCs, HCFCs, HFCs

Terrestrial Acidification Potential (TAP)

Increased proton levels in the natural soils due to the impact of

acidifying contaminants. Unit: kg of SO, equivalents to air

SOx, NOx, HCI, HF,
HNO3, H2SO4, H2S

Freshwater Eutrophication Potential (FEP)

Excessive quantities of nutrients detected in the internal water

ecosystem. Unit: kg of P equivalents to freshwater

Nitrogen and

phosphorus chemicals

Marine Eutrophication Potential (MEP)

Increase in the concentration of dispersed nitrogen-containing

nutrients in oceans. Unit: kg of N equivalents to freshwater

Nutrients containing

nitrogen

Ozone Depletion Potential (ODP)

Anthropogenic emissions that are causing the stratospheric ozone
layer to thin. Unit: kg of CFC-11 equivalents to air

CFCs, HCFCs, halons

Particulate Matter Formation Potential (PMFP)

The ingestion of contaminants in the form of particulate matter by
individuals. Unit: kg of PM1o equivalents to air

NHs, NOx, SO»

Fossil Depletion Potential (FDP)

Excess energy used for the extraction of one MJ, kg or mé of fossil fuel.

Unit: kg of oil equivalents (with a lower heating value of 42 MJ)

Extraction of fossil

resources

Mineral Depletion Potential (MDP)

Excess energy used for future mineral or ore extraction due to reduced

availability. Unit: kg of Fe equivalents

Extraction of mineral

resources

Photochemical Oxidant Formation Potential
(POFP)

Increase in 0zone concentration at the troposphere level
Unit: kg of NMVOCs equivalents to air

Particulate matter,
NMVOCs, NOx

lonising Radiation Potential (IRP)

Reflects the amount of radiation exposure experienced by the world’s

population. Unit: kg of Uranium 235 equivalents to air

Unstable isotopes,

X-and Gamma-rays
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Table 2.4-1. continued
Impact category Characterization Relevant LCI data

o ) Possible damage of toxic chemicals to human health. Chemical substances
Human Toxicity Potential (HTP) ] ] ) ]
Unit: kg of 1,4 DCB equivalents to air toxic to human health

) ) Indicates the amount of freshwater consumption
Water Depletion Potential (WDP) ) Use of freshwater
Unit: m® of water used

Relates to the possible harm of toxic compounds to the aquatic Toxic chemicals with a

Freshwater Ecotoxicity Potential (FETP
Y ( ) environment. Unit; kg of 1,4 DCB equivalents to freshwater reported lethal

concentration to

) o ] Impact on the marine environment due to the increasing amounts of rodents and fish (e.g.,
Marine Ecotoxicity Potential (METP) ] ) ) )
metals in the ocean. Unit: kg of 1,4 DCB equivalents to marine water  Pb, Hg, Cd,

halogenated organic

Accounts for the potential impact of toxic substances on terrestrial .
Terrestrial Ecotoxicity Potential (TETP) ) ) _ o compounds, pesticides
ecosystems. Unit: kg of 1,4 DCB equivalents to industrial soil
or sewage sludge)

) ) Refers to the surface of natural land occupied and transformed over a
Natural Land Transformation Potential (NLTP) L ) Area of land used
specific timeframe. Unit: m?natural land
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3. Case studies
3.1. Investigation of cement production industry

The decarbonization of cement industrial sector comes as a crucial challenge due to its large energy
consumption and high amounts of anthropogenic GHG releases. The IEA has stated that the cement industry
is one of the largest sources of anthropogenic CO- emissions, contributing about 7% of the total share,
releasing approximately 2.2 Gt of CO, per year [9]. Aranda-Usén and co-authors claimed that cement
production accounted for between 12% to 15% of total industrial energy consumption [37], while a recent
report stated that the cement sector ranked third with a share of around 7% of total energy [38]. Cement
related goods are among the most consumed commaodities [39], and according to the European Cement
Association (CEMBUREAU) [40], global cement production was 3.6 billion tons in 2012, reaching 4.1
billion tons in 2017 [41]. Pacheco-Torgal and collaborators showed that cement demand is closely
associated with both economic and industrial development [42], suggesting that cement needs will increase
in emerging countries due to rapid expansion of cities and infrastructure [43], while remaining relatively
stable in already developed ones. Despite its growing economic strength and extensive urbanisation, China
is classified as a developing country, achieving the highest cement production since 1990 [44].

Clinker, one of the main constituents of cement [45], is produced by the decomposition of calcium
carbonate into calcium oxide and high amounts of CO,, followed by the sintering of calcium oxide with
aluminosilicates and the rest of the raw materials [46]. According to Tregambi and co-authors [47], the
calcination of limestone accounts for approximately 95% of GHG emissions, while consuming 80% of total
energy demands. Throughout limestone decomposition, 50% of the emissions are due to the calcination
process, while 40% come from burning fossil fuels [48]. In fact, 1.5 tons of raw materials are used to
produce one ton of clinker [49], while each ton of Portland cement generates nearly one ton of CO; [50].
Strategies such as: improving energy efficiency, using alternative fuels, clinker substituents, or integrating
CCS technologies have been outlined to reduce emissions from the cement sector [51].

The implementation of CCS technologies provides a good opportunity in reducing CO, emissions as
cement plants are the second biggest stationary source of GHG releases. In addition, CCS system are
expected to contribute more than 55% of total GHG reductions [45]. Three different carbon capture
approaches are available for CO; capture: post-combustion, pre-combustion and oxy-fuel combustion [52].
Since higher amounts of CO, emissions are released during the calcination of limestone compared to fuel

combustion, pre-combustion is not seen as an attractive approach for the cement sector [45]. The post-
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combustion capture design, in contrast to oxy-fuel combustion, could be applied in existing clinker
production plants without needing significant adjustments [51].

The purpose of this chapter is to evaluate and compare three post-combustion capture technologies for
reducing GHG emissions in a conventional cement manufacturing plant. The investigated carbon capture
technologies are: amine-based chemical scrubbing using MDEA, reactive gas-solid adsorption by means of
CaL technology and membrane separation. Several key performance indices and environmental impact
categories are taken into consideration when comparing the benchmark scenario (i.e., cement
manufacturing without carbon capture feature) with the three alternative scenarios.

The key novel aspects brought by the current study consists of a thorough technical and environmental
assessment by means of modelling and simulation tools, heat integration and LCA methodology of three of
the most promising tail-end post-combustion carbon capture systems, thus providing important insights into

decarbonisation systems that have potential for application in the cement production sector.

3.1.1. Plant configurations

The potential technical and environmental benefits brought by the integration of different post-
combustion carbon capture technologies within cement manufacturing are evaluated. In terms of CO;
capture systems, amine-based gas-liquid absorption, reactive gas-solid adsorption by means of CaL
technology and membrane separation were proposed. The following scenarios are further investigated:

Case 1. Standard cement manufacturing plant without carbon capture feature;

Case 2. Post-combustion capture by means of amine-based chemical scrubbing using MDEA,;

Case 3. Post-combustion capture by reactive gas-solid adsorption using CaL technology;

Case 4. Post-combustion capture employing membrane separation.

As a benchmark, a traditional cement production plant without carbon capture is assessed in Case 1.
Case 2 considers the reactive gas-liquid post-combustion capture by the use of MDEA as a chemical
solvent. The third case (i.e., Case 3) studies the integration of CaL technology as a reactive gas-solid system
into a conventional cement manufacturing plant. A more innovative option is explored in Case 4,

specifically the integration and utilization of a membrane separation.

3.1.2. Process modelling and simulation and main design assumptions

Process modelling and simulation of the evaluated scenarios was carried out utilizing CHEMCAD,
version 7, as a process simulation software [26]. The composition of the exhaust stream exiting the cement
production plant, was selected as described by the IEA Greenhouse Gas R&D Programme (IEAGHG) [45].

In addition, an annual production of 1 Mt of cement and a CCR of 90% was set in all investigated scenarios.
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Thermal integration is an important step as it significantly enhances the overall energy utilization, while
reducing both emission and waste generation. Heat integration by means of PA considering a minimum
temperature variation of 10°C was conducted for Case 2 and Case 3.

Following the heat integration, a technical comparison of the three tail-end post-combustion capture
methods is shown in Table 3.1-1. As presented, the amount of electricity produced both in Case 2 and Case
3 via the CHP unit and steam generator, respectively, is higher compared to the energy required in the
corresponding carbon capture process, thus a small surplus can be utilized in other sections or exported
(20.28 MW, vs. 15.82 MW,). As opposed to the previous scenarios, since there is no unit to supply the
power demand in Case 4 (41.34 MW,), the power is imported from the grid mix. Given the additional
amount of coal supplied to the heat and power unit, approximately 34% less coal is required in the CaL
design compared to the reactive gas-liquid separation (33.47 t/h in Case 2 vs. 22.00 t/h in Case 3). No
supplementary coal is needed in the membrane separation approach, as no heat and power unit is employed
and all the power is imported from the grid. Similar observations can be made when considering the energy

consumption in the carbon capture processes (235 MW, in Case 2 vs. 160 MW, in Case 3).

Table 3.1-1. Main technical performance indicators of the investigated scenarios

Parameter Units Case 2 Case 3 Case 4
Coal flowrate (to heat and power unit) t/h 33.47 22.00 0
Thermal energy MW, 234.10 153.80 0
Steam generation output MW, 54.42 58.01 0
Total power consumption MW, 34.14 42.19 41.34
Net power output MW, 20.28 15.82 0
Net power efficiency % 8.66 10.28 0
Gross power efficiency % 23.25 37.71 0
Carbon capture rate % 90.00 90.00 90.00
CO; specific emissions (on-site) kg/t 135.78 120.74 70.63
CO, emissions (power import/export) kaglt -79.94 -62.36 162.96
CO- specific emissions (total) kaglt 55.83 58.37 233.59
CO;, captured kaglt 1,214.15 962.20 635.43

In terms of energy performance, the CaL design provides a higher gross power efficiency compared to
both Case 2 (by about 1.6 times), and Case 4. Examining the total specific CO, emissions reveals similar
results when comparing Case 2 and Case 3 (55.83 kg COa/tcement in Case 2 vs. 58.37 kg COu/teement in Case

3), while Case 4 scores much higher (233.59 kg COax/tcement), €ven though on-site specific emissions are the
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lowest. The results can be explained by the presence of the CHP unit in Case 2 and steam turbine in Case
3, which enable power export due to excess steam.

3.1.3. Environmental evaluation using life cycle assessment methodology

The goal of the present study is to evaluate the environmental burden of a conventional cement plant
and analyse the potential benefits of implementing CCS technologies. The function of the system is the
production of 1 Mt of cement per year, while one ton of cement was chosen as FU.

The current study represents a cradle-to-gate LCA investigation, therefore the following processes are
considered: i) main processes: cement production with and without post-combustion CO, capture, ii)
upstream processes: limestone supply chain, MDEA production and supply chain, membrane production
and supply chain, ASU unit for O, generation, CHP unit to provide the required steam and power, iii)
downstream processes: MDEA degradation, disposal of wastes, and CO, compression, transport and
storage. Figure 3.1-1 provides a better representation of the considered system boundaries. The present
research was conducted by means of GaBi software [53], while ReCiPe was chosen as the impact

assessment method.
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Figure 3.1-1. System boundaries for the environmental evaluation

The assumptions made during an LCA investigation may significantly influence the results, a sensitivity
study regarding the power source in Case 4 was performed. Initially, the energy is imported from the
electricity grid mix, while wind and PV power were investigated as a more renewable approach.

The outcome of the environmental evaluation considering the previously presented assumptions is

summarized in Table 3.1-2. As shown, the base case scenario (i.e., Case 1) exhibits the highest impact for

20



UNIVERSITATEA |
BABES-BULYA[ Case studies

Investigation of cement production industry

the GWP, POFP and ODP environmental indicators. The implementation of the carbon capture systems has
a positive influence on the GWP category, with the reactive gas-liquid system (i.e., Case 2) achieving a
73.63% reduction compared to the benchmark. The utilization of the CaL design leads to even better
performances, with a 76.74% decrease. Case 4 leads to a higher GWP score when compared to the other
carbon capture methods, but manages to achieve a 69.91% reduction against the benchmark. The higher
GWP impact than for the other capture systems can be explained by the fact that the energy is imported
from the grid mix (i.e., Case 4a), therefore a large amount of CO emissions come from energy production.
A sensitivity analysis is carried out on the energy source with renewable alternatives such as wind and PV
power being assessed (i.e., Case 4b and Case 4c, respectively). As the results indicate, the GWP values
show a decrease of about 34% in the case of wind power (i.e., Case 4b), and a reduction of about 28% when
using PV (i.e., Case 4c) compared to importing energy from the grid mix (i.e., Case 4a).

The integration of the carbon capture technologies, particularly the amine-based chemical scrubbing
system, does not result in an overall better environmental performance. Compared to the standard cement
plant without CO-, capture feature (i.e., Case 1), the employment of the CCS in Case 2 leads to higher values
for six of the nine impact indicators (i.e., FEP, FDP, FETP, HTP, MDP and TETP), while the other three
impact categories present better results (i.e., GWP, ODP and POFP). The largest differences between Cases
1 and 2 are registered in the FDP and FETP impact categories, with an increase of 11.40% and around
7.70%, respectively, for the CCS scenario in Case 2.

The opposite is true when the CaL system is used for the CO, capture, with Case 3 showing the best
results in terms of GWP, ODP, FDP, MDP, POFP and TETP, while similar values to Case 1 are obtained
for FEP, FETP and HTP. Significant differences are found in terms of FDP and POFP, with a 2.2 times
lower FDP value and a 3.2 lower score in the POFP impact category for the CCS scenario in Case 3
compared to the conventional cement plant. In addition, comparing the membrane separation system with
imported energy from the grid mix (i.e., Case 4a) to the reference case, it can be noticed that lower GWP,
ODP and POFP values are obtained, while the FDP impact indicator shows 2.5 times increase for the CCS
scenario in Case 4 (14.03 kg oil eq./tcement for Case 1 vs. 34.67 kg oil eq./tecement in Case 4a).

The lowest GWP value, among all investigated cases, is achieved when the electricity is generated by
wind power (157.95 kg CO; eq./tcement for Case 4b). In addition, the score obtained in the ODP and POFP
categories significantly favor the membrane separation system compared to the reference case.

When considering PV power (i.e., Case 4c), the environmental analysis shows lower scores for GWP,

ODP and POFP against the base case, while registering a higher value for the MDP impact indicator.
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Table 3.1-2. Environmental impact assessment results according to ReCiPe method

Cases investigated

KPI Units

Case 1 Case 2 Case 3 Case 4a Case 4b Case 4c
GWP kg CO: eq./teement 792.40 208.90 184.30 238.40 157.95 170.94
FEP kg P eq./tcement 10.50x10°3 11.30x10° 10.60x10°3 10.90x10°3 10.70x10°3 10.80x10°3
ODP kg CFC-11 eq./tcement 21.89x10° 13.03x10°° 12.16x10° 19.32x10° 15.69x10° 15.99x10°
FDP kg oil eq./tcement 14.03 15.63 6.78 34.67 14.25 17.79
FETP kg 1,4-DB eq./tcement 1.19 1.28 1.20 1.24 1.21 1.22
HTP kg 1,4-DB eq./tcement 103.70 111.50 103.80 107.30 105.50 109.80
MDP kg Fe eq./tcement 2.15 2.19 1.99 2.77 4.24 9.00
POFP kg NMVOC/tcement 33.40x102 25.10x10 10.26x107? 26.50x102 13.30x107? 17.10x10%?
TETP kg 1,4-DB eq./tcement 2.11x10%? 2.28x107? 2.07x10? 2.27x107? 2.14x10? 4.54x107

Case 1 — Standard cement plant without carbon capture feature; Case 2 — Reactive gas-liquid separation system; Case 3 — Reactive gas-solid separation;
Case 4a — Membrane separation with electricity from grid mix; Case 4b — Membrane separation with electricity from wind power; Case 4c — Membrane
separation with electricity from PV power.
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3.2, Investigation of biofuels production

In consideration of the increasing energy requirements in domestic and industrial sector [54], fossil
energy sources (i.e., natural gas, coal or crude oil) continue to play a significant role in fulfilling the global
energy demand [55]. Considering the present energy consumption trends, it is predicted that the limited
fossil fuel sources would be exhausted within the next 50 years [56], causing an impact on the economic
wealth due to the rising prices of natural energy [57]. In addition, it is well-known that significant amount
of GHG emissions is produced by the combustion of fossil fuels. Carbon dioxide comes as the most
important GHG released since it is the primary factor contributing to climate change and global warming,
resulting in an increase in both global surface temperature and sea levels [58].

The transportation sector depends almost exclusively on gasoline and diesel, accounting for
approximately 30% of total GHG releases, thus proving without beyond any doubt that fossil fuels serve a
significant role in global energy consumption [59]. To meet this ambitious goal, it is critical to substitute
fossil fuels with low-carbon sustainable alternatives [60] in order to diminish the CO;, CO and NOy
emissions [61]. Several studies have been undertaken to evaluate the potential replacement of fossil energy
sources with green alternatives such as wind, hydro, solar or biomass [62]. Despite the fact that all sources
offer multiple benefits, biomass is considered to be the best alternative since a variety of biomass is
available regardless of the geographical location [63]. Currently, biomass accounts for about 10% of total
energy consumption. Moreover, the CO produced during the biofuel combustion is captured in the process
of biomass growth, thus potentially reaching carbon neutrality or even negative emissions [64]. Waste
biomass may be provided via various forms, from municipal, agricultural and industrial wastes to forest
residues [65].

Therefore, the current chapter is at first addressed to the bio-methanol production from secondary
biomass via an innovative process that takes advantage of cutting-edge technologies aiming to enhance the
environmental performance against the state-of-the-art technology [66]. Secondly, the purpose of the work
is to investigate from technical and environmental perspectives the intensified against the conventional
biodiesel production methods. The innovative approach consists of the utilization of the reactive distillation
(RD), a process intensification method that integrates both reaction and separation into a single unit

operation [67].
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3.2.1. Plant configuration for bio-methanol production

Owing to residual biomass availability, the share of advanced biofuels manufactured from secondary
biomass is forecasted to increase and make a significant contribution in the pursuit of NZE. The
CONVERGE system is built on the concept of developing and integrating new technologies such as
catalytic cracking of tars (CCT) from an indirectly heated gasifier, recovery of refinery products including
aromatics for green Benzene-Toluene-Xylene (BTX) fraction, sorption-enhanced reforming (SER) for
excess-carbon removal and H production, highly efficient electrochemical H, compression (EHC), and a
membrane-based reactor for MeOH synthesis. In this respect, the following CONVERGE technology

scenarios are examined in the current chapter:

Table 3.2-1. Definition of evaluated CONVERGE scenarios

Case name Description
Case 1l Bio-methanol production from wooden biomass baseline;
Case 2 Bio-methanol production from wooden biomass with enhanced CO- resistance;
Case 3 Bio-methanol production from exhausted olive pomace with enhanced CO; resistance.

3.2.2. Plant configuration for biodiesel production

Sustainable fuels and technologies are expected to substantially contribute towards climate change
mitigation since the transport industry generates 23% of the total GHG emissions. Therefore, the following

biodiesel production scenarios are further investigated in the present chapter:

Table 3.2-2. Definition of investigated biodiesel production scenarios

Case name Raw material(s) Electricity Intermediate Technology type
source product
Case 1 CO2 and H: Biomass Methanol Classic
Case 2 CO; and Hy Natural gas Methanol Classic
Case 3 CO2 and H: Biomass Methanol Innovative
Case 4 COz and H Natural gas Methanol Innovative
Case 5 Natural gas - Methanol Classic
Case 6 Natural gas - Methanol Innovative

Case 1 propose the biodiesel synthesis following the classic pathway, utilizing CO, and H, for MeOH
production and biomass as power source. Case 2 employs the same method as Case 1, the difference

consisting of the fact that natural gas is used to provide the required electricity for the water electrolysis
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process instead of biomass. Case 3 refers to the intensified biodiesel production process by using CO; and
H. as feedstock for the MeOH synthesis. Case 4 utilizes the same approach as in the third case, except that
natural gas is used to supply the necessary power for the electrolytic H, generation. Case 5 and Case 6
present the biodiesel production both employing natural gas as raw material and following the classic and
intensified method, respectively. Water electrolysis process is assessed for H, generation with the necessary
power being supplied by the use of biomass or natural gas. With respect to the CO- source, it is assumed
that the much-needed amount of CO; is gathered from limestone decomposition, as it generates as well the

CaO utilized in the biodiesel manufacture stage.

3.2.3. Process modelling and simulation and main design assumptions for biodiesel

production

The process modelling and simulation aspects of the investigated biodiesel scenarios were carried out
by means of CHEMCAD simulation software version 7 [26]. All evaluated cases assume an hourly
biodiesel production of 13,333.33 kg/h, corresponding to a total of 100,000 tons of biodiesel per year.

Table 3.2-3 presents a technical comparison of investigated cases based on various performance
indices. It shows that compared to the water requirements; less natural gas is demanded to produce the same
amount of biodiesel. Examining the amount of raw materials, it can be observed that the intensified route
requires larger quantities of both H, and CO; to produce the much-needed MeOH. This is due to the higher
amount of fresh MeOH needed in the biodiesel production process. In terms of MeOH consumption, the
intensified route described in Cases 3, 4 and 6 requires lower quantities compared to the traditional approach
presented in Cases 1, 2 and 5 (i.e., 38,854.51 kg/h in Cases 3, 4 and 6 vs. 36.644.48 kg/h in Cases 1, 2 and
5). The same conclusion can be drawn when looking at the amount of oil and sulfuric acid utilized within
the various investigated scenarios. Even though the purity of the main product is over 99% in the
conventional route, a slight benefit can be seen when examining the intensified pathway.

Glycerol emerges as an important by-product of the biodiesel production process as on the one side it
can be reformed and converted to MeOH which might by recycled and used as raw material in the main
process or, on the other side, it can be utilized within the glycerolysis treatment process [68]. The largest
quantity of glycerol is generated in the intensified production scenarios (i.e., 41.62 kg/h in Case 6 and 35.17
kg/h in Cases 3 and 4).

In terms of power requirements, a significantly higher consumption can be seen in the cases that assume
the integration of water electrolysis process for Hz supply. Following these cases, the H, generation process

accounts for over 90% of the total energy demanded, leading to more than ten times higher values.
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Table 3.2-3. Technical performance indices of biodiesel production scenarios

Cases investigated

Parameter unit Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Natural gas flowrate ka/h - - - - 837.92 1,043.75
Water flowrate ka/h 3,106.75 3,106.75 3,869.77 3,869.77 - -
Hydrogen flowrate ka/h 345.20 345.20 430.00 430.00 - -
Carbon dioxide flowrate ka/h 2,525.79 2,525.79 3,146.00 3,146.00 - -
Methanol fresh flowrate kg/h 1,531.31 1,531.31 1,907.40 1,907.40 1,531.31 1,907.40
Methanol recycled flowrate kg/h 37,331.21 37,331.21 36,947.11 36,947.11 37,331.21 34,737.08
Total methanol flowrate kg/h 38,862.52 38,862.52 38,854.51 38,854.51 38,862.52 36,644.48
Oil flowrate kg/h 21,428.00 21,428.00 20,990.20 20,990.20 21,428.00 20,990.20
Sulfuric acid flowrate kg/h 3,072.57 3,072.57 3,009.79 3,009.79 3,072.57 3,009.79
Biodiesel flowrate kg/h 13,333.33 13,333.33 13,333.33 13,333.33 13,333.33 13,333.33
Biodiesel purity % 99.31 99.31 99.41 99.41 99.31 99.41
Glycerol flowrate kg/h 18.25 18.25 35.17 35.17 18.25 41.62
Glycerol purity % 99.77 99.77 99.37 99.37 99.77 99.43
Electricity consumption KWh/tbiodiesel 1.53 1.53 1.90 1.90 0.17 0.14
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3.2.4. Environmental evaluation of bio-methanol production using life cycle

assessment methodology

The aim of the current work is to quantify, evaluate and compare the environmental impact of the
CONVERGE technology for the bio-methanol production against the state-of-the-art technologies for
biomass conversion towards bio-methanol manufacture.

The current research is a cradle-to-gate LCA study as it covers stages from raw materials supply chain

(i.e., biomass) up to the final product (i.e., bio-methanol). The system boundaries are shown in Figure 3.2-1.
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Figure 3.2-1. System boundaries for the CONVERGE technology

In respect to the geographical limitations, Northern Sweden and Italy are assumed as plant locations
for the CONVERGE scenarios as it evaluates both the wooden biomass and exhausted olive pomace,
respectively. It is assumed that the plant lifetime is 20 years. One ton of bio-methanol was set as FU in the
present investigation.

The environmental results for the three bio-methanol manufacture scenarios via the CONVERGE
technology are presented in Table 3.2-4. The findings of the LCA study points towards Case 1 as the most
sustainable scenario among all evaluated cases. Case 1 exhibits the lowest impact in six out of a total of
nine environmental categories (i.e., FEP, ODP, FDP, HTP, MDP and POFP). In addition, Case 1 ranks
second in GWP and TETP impact. At the opposite end, Case 3 comes as the worst-case scenario as it records
the highest values in seven impact indicators. In Case 3, it is presumed that the main facility is located in
Italy and that exhausted olive pomace is employed as biomass source. Therefore, the main reason behind
the high environmental score is represented by the electricity generation process, as Italy’s electricity grid
mix is for the most part based on fossil resources. Another cause of the increase impact would be the

supplementary biomass required as additional fuel within the process.
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Table 3.2-4. LCA results for the CONVERGE scenarios

KPI Units Case 1 Case 2 Case 3

GWP kg CO; eq./tveor 1,436.19 1,288.04 2,511.22
FEPx10° kg P eq./tmeor 4.15 7.69 8.73
ODPx10° kg CFC-11 eq./tmeon 2.86 7.09 5.85

FDP kg oil eq./tveon 31.24 32.39 263.86
FETP kg 1,4-DB eq./tmeor 0.28 0.26 0.07
HTP kg 1,4-DB eq./tveor 13.58 13.98 22.53
MDP kg Fe eq./tveor 4.95 5.05 10.08
POFP kg NMVOC/tmeon 0.28 0.29 1.05
TETPx10® kg 1,4-DB eq./tmeon 7.93 7.69 19.34

However, negative emissions are obtained if all emission sources are taken into account and quantified.
The total GWP score after considering the emissions related to the biomass growth, the CO; emissions
released from processes within the system’s boundaries, CO; released by the combustion of bio-methanol,
and several scenarios regarding the separated CO, from AGR (i.e., in the Base Case) and from SER and
CO, compression stages (i.e., in the CONVERGE process) is displayed in Figure 3.2-2.

The amount of CO, removed from AGR, and from SER and CO, compression in the Base Case and
CONVERGE process, respectively, could be considered as negative emissions if stored. Therefore, an
additional amount of 1,085.23 kg CO- eq./tmeon for the Base Case and 1,661.48 kg CO; eq./tmeon in the
CONVERGE process might result as negative emissions. The quantity of CO; released from the combustion
of one ton of bio-methanol is 1,373.60 kg CO; eq./tmeor. The overall amount of CO, emissions will reach
1,040.39 kg CO; eq./tmeon and -3,607.72 kg CO- eq./tmeon in the Base Case and CONVERGE technology,
respectively. One can observe that the CONVERGE process exhibits a better environmental performance
in comparison to the benchmark scenario.

Two additional alternatives may be thought of, depending on the fate of the CO, removed from the
AGR section, as well from the SER section and CO, compression. On the one hand, if the captured CO; is
discharged into the atmosphere (i.e., see Figure 3.2-2,b), a total of 1,130.08 kg CO2/tmeon and -284.45 kg
CO; eq./tmeor Would be obtained in the Base and CONVERGE case, respectively. The negative score in the
CONVERGE scenario are due to a higher quantity of biomass required within the process. On the other
hand, the captured CO, might be considered as a valuable by-product and, therefore, it can be sold or used
as raw material (i.e., see Figure 3.2-2,c). As a consequence, the emissions released from the AGR section

or from SER section and CO, compression may be deemed as being close to zero. These assumptions result
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in a total of about 44.85 kg CO; eq./tmeon and -1,945.93 kg COu/tmeon in the benchmark and CONVERGE

case, respectively.
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Figure 3.2-2. Detailed GWP impact indicator considering all emission sources:
a) excess CO; is sent to storage; b) excess COs is released into the atmosphere; c) excess CO; is

modelled as intermediate component, ready to be utilized as raw material in another process

As an overall conclusion, the CONVERGE system outperforms the Base Case in terms of
environmental performance, regardless of whether the captured CO- is sent to storage, sold or discharged

into the atmosphere.

3.2.5. Environmental evaluation of biodiesel production using life cycle assessment

methodology

The goal of the present study is to assess the environmental impact of several biodiesel production
scenarios following both the traditional and the innovative methods. Mass and energy balance data acquired
from the modelling and simulation section are used in the LCI stage. The function of the system consists of
the manufacture of 13,333.33 kg/h of biodiesel, which represent an annual production of 100,000 tons. One
ton of biodiesel was chosen as FU. Regarding the impact assessment method, the present work is addressed

to a midpoint level, therefore the ReCiPe method under the hierarchist perspective (H) was utilized.
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The current investigation is a cradle-to-gate LCA study since it examines processes from raw materials
extraction and supply (i.e., limestone supply chain, oil supply chain, etc.) up to the biodiesel manufacture.
The boundaries of the system are displayed in Figure 3.2-3.
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Figure 3.2-3. System boundaries of the investigated scenarios

Since the assumptions made when carrying out an LCA investigation directly impact the outcome, it
is recommended to perform a scenario analysis to determine their effect on the performance of the system
[32]. A scenario analysis was performed in the current study targeting the power source for the water
electrolysis process, therefore, the analysis addresses Cases 1 to 4. In the first case, electricity is generated
from solid biomass in either a CHP plant or a biomass-specific power plant. Second, natural gas will serve
as the main power source in a CHP plant or a natural gas specific power plant. The supply chain both for
solid biomass and natural gas take into account the manufacture of the energy carrier, as well as the
processing steps and transport of the fuels to the power plant. The quantity of oil required for biodiesel
production is the same for all conventional cases, however it differs from the amount required for the
intensified approach.

The outcome of the environmental investigation is reported in Table 3.2-5. By examining the
conventional and the intensified methods for the cases employing CO- and H; as raw materials for biodiesel
production and biomass as electricity source for water electrolysis process (i.e., Cases 1 and 3), it can be
observed that the innovative approach (i.e., Case 3) leads to higher scores in all evaluated categories. The
opposite takes place when natural gas is utilized as feedstock (i.e., Case 5 and Case 6). Six out of nine
impact categories (i.e., GWP, FEP, ODP, MDP, POFP and TETP) display lower values in the intensified
route compared to the traditional method. Although the difference is not large, there is still a difference in

the favor of the intensified path.

30



UNIVERSITATEA |
BABES-BULYAI Case studies

Investigation of biofuels production

Table 3.2-5. LCA results as according to the ReCiPe method

Cases investigated

KPI Units
Casel Case 2 Case 3 Case 4 Case5 Caseb
GWP kg CO: eq./thiodiesel 360.40 942,17  390.10 1,114.70 370.55 370.43
FEPx103 kg P eq./tbiodiesel 6.27 4.32 6.72 4.29 4.61 4.58
ODPx10° kg CFC-11 eq./thiodiesel 7.80 7.05 8.32 7.43 8.77 8.24
FDP kg oil eq./tviodiesel 374.04 61050 37410 668.62  439.46 447.61

FETP kg 1,4-DB eq./thiodiesel 0.23 0.20 0.24 0.21 0.24 0.24
HTP kg 1,4-DB eq./thiodiesel 129.75 23.58 156.03 23.79 26.14 26.20
MDP kg Fe eq./thiodiesel 2.25 1.88 2.47 2.01 1.98 1.92
POFP kg NMVOC/thiodiesel 3.18 151 3.70 1.61 1.10 1.04
TETPx10? kg 1,4-DB eq./tsiodiesel 411 0.90 491 0.91 0.97 0.95

In addition, when looking at the conventional pathway (i.e., Case 1 and Case 5), a slight advantage may
be observed in the favor of natural gas usage as raw material. Lower impact for FEP, HTP, MDP, POFP
and TETP categories can be seen in Case 5, with a large difference for the HTP impact indicator. The same
conclusion can be drawn when examining the innovative scenarios (i.e., Case 3 and Case 6). Seven out of
a total of nine impact indicators (i.e., GWP, FEP, ODP, HTP, MDP, POFP and TETP) present lower values
in Case 6, thus when natural gas is utilized as feedstock. The largest difference is registered in terms of
HTP impact category, with the use of CO; and H> leading to an approximately six times higher impact (i.e.,
156.03 kg 1,4-DB eq./tviodiesel in Case 3 vs. 26.20 kg 1,4-DB eq./tyiodiesel in Case 6).

As stated before, the use of natural gas as power source for the electrolytic H, generation was
investigated as well (i.e., Case 2 and Case 4). This approach resulted in the lowest impact scores in five or
even six environmental indicators, but significantly affected both the GWP and FDP categories. For
instance, Case 1 records 2.6 times lower GWP score in comparison to Case 2 (i.e., 360.40 kg CO; eq./thiodiesel
in Case 1 vs. 942.17 kg CO- eq./tviodiesel i Case 2). The difference is higher when examining Case 3 and
Case 4, with 390.10 kg CO: eq./tiodieset generated in Case 3 vs. 1,114.70 kg CO; eq./thiodiesel released in Case
4. In regard to the FDP indicator, Case 1 and Case 3 record the smallest values, 374.04 kg oil eq./tiodiesel
and 374.10 kg oil eq./tviodiesel, While Case 2 and Case 4 come as the scenario with the highest scores, 610.5
kg oil eq./tviodiese and 668.62 kg 0il eq./tviodiesel, respectively.

As a general conclusion, the most important sub-processes that exhibit the highest influence on the
HTP impact category are the oil supply chain, electricity generation for water electrolysis process and

MeOH synthesis, as well the sulfuric acid production and WWTP.
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3.3. Investigation of high value chemicals production

The scientific community examined several methods to lessen the environmental implications caused
by the ever-increasing power consumption [69]. Improving the energy efficiency, utilization of RESs or the
integration of CCUS systems are among the proposed initiatives [70]. The aforementioned approaches can
assist in achieving the Paris Agreement’s targets, which aim to keep the increase in global surface
temperature below 2°C above the pre-industrial levels [71]. With the purpose of reducing the GHG
emissions between 80% to 95% compared to 1990 levels by 2050, CCUS technologies need to be installed
in over 50% of the fossil fuel power plants [72]. The implementation of the CCUS systems is regarded as
one of the most effective medium-term options for reducing CO, emissions [73], given that it not only
decreases the CO; release but also makes use of the carbon source [74].

As stated by Atsbha and collaborators, CCS and CCU are the two primary CCUS approaches [75]. On
the one side, CCS refers to the CO, capture, compression, transportation and sequestration to avoid its
release into the atmosphere [76]. On the other side, according to Salehi and collaborators [77] and confirmed
by Muller and co-authors [78], CCU allows the utilization of captured CO, towards the production of high-
priced chemicals. Indirect CO, emissions are released during the transport and storage steps of the CCS
approach, reducing system’s efficiency and affecting process’ costs, hence eventually causing a more
challenging implementation of CCS systems [79]. On a broader perspective, the use of the CCU method
encourages both GHG mitigation and CO- utilization [80], while making valuable contributions in the
reduction of energy and raw material consumption [81].

The key novel aspects of the current chapter consist of the techno-environmental comparison between
four valuable MeOH derived products (i.e., formalin, DME, MTBE and biodiesel) through modelling and
simulation, as well environmental evaluation following the LCA methodology. Technical and
environmental impact indexes are considered when comparing the assessed scenarios, thus the purpose of

the present work is to evaluate and compare various CO, utilization routes.

3.3.1. Plant configurations

In the context of the need for green fuel alternatives and sustainable technologies, the potential
technological and environmental advantages of direct CO, hydrogenation for MeOH production and its
subsequent conversion to high value chemicals are examined. With respect to valuable MeOH derived
products, formalin, DME, MTBE and biodiesel production are assessed in the current chapter.

Case 1. MeOH production via direct CO; hydrogenation coupled with Formalin production

Case 2. MeOH production via direct CO, hydrogenation coupled with DME production
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Case 3. MeOH production via direct CO2 hydrogenation coupled with MTBE production

Case 4. MeOH production via direct CO, hydrogenation coupled with alkali Biodiesel production

For green methanol production by direct CO, hydrogenation, water electrolysis process is employed
for H, generation according to the study performed by Tijani and co-authors [82]. Based on the level of
development and commercial availability of the amine-based chemical scrubbing system [83], a carbon

capture unit using MDEA as solvent was integrated within a cement plant to provide the necessary COx.

3.3.2. Process modelling and simulation and main design assumptions

The investigated cases were modelled and simulated by means of CHEMCAD version 7 [26]. The key
performance indexes computed to perform the technical evaluation are presented in Table 3.3-1. All
evaluated scenarios took into account a CCR of 90%, while targeting a productivity of 1,000 kg/h of MeOH
derived product. Case 2 and Case 1 demand the highest amount of MeOH, 1,401.55 kg/h and 1,320.17 kg/h,
respectively. Case 3 and Case 4 require three to ten times less MeOH when compared to the first two
scenarios (e.g., 440.08 kg/h and 118.41 kg/h in Case 3 and Case 4, respectively).

Table 3.3-1. Technical evaluation of investigated cases

Parameter Unit Case 1 Case 2 Case 3 Case 4
CO; capture rate % 90 90 90 90
CO; flowrate kg/h 2176.36 2311.77 725.89 195.32
H, flowrate kg/h 297.44 315.95 99.21 26.70
O, flowrate kg/h 2379.51 2527.56 793.65 213.55
MeOH flowrate kg/h 1320.17 1401.55 440.08 118.41
Waste water flowrate kag/h 894.93 1348.74 311.37 99.14
Electricity consumption MW./t 17.74 18.75 5.89 1.72
Product purity wt.% 32.38 99.44 99.92 99.97
Product rate kag/h 1000 1000 1000 1000

Direct CO; hydrogenation is employed for green sustainable MeOH production, meaning that the
guantities of raw materials utilized (i.e., CO. and Hy) are directly related to the amount of MeOH produced.
As one can observe, Case 2 and Case 1 demand both the largest amount of CO; and the largest quantities
of H. Even though Case 2 and Case 1 demand the largest amount of CO; and Hy, it should be noticed that,
besides the previously mentioned raw materials, MTBE (Case 3) and biodiesel (Case 4) production also
require a mixture of butene and high amount of oil, which exhibits a high influence on the overall biodiesel

production cost, contributing with over 70% to the total share [84].
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Oxygen comes as a by-product of the water electrolysis process. As the amount of O; is directly related
to the H» requirements, the largest quantities are generated in Case 2 and Case 1, 2,5227.56 kg/h and
2,379.51 kg/h, respectively. On the one hand, the two cases could take advantage of the amount of O
produced by further using it in another section or process, while on the other hand, much more power has
to be used. Case 2 (i.e., DME production) demands the highest power consumption, 18.75 MW./t, followed
by Case 1 (i.e., formalin production) with 17.74 MW./t. Case 3 and Case 4 need up to ten times less
electricity compared to the first two evaluated cases (i.e., 5.89 MW./t in Case 3 and 1.72 MW./t in Case 4).
The electric requirements of the water electrolysis process exhibit the greatest impact on overall power
consumption, accounting for at least 85% share (Case 4).

In regard to primary product purity, over 99% purity is achieved in all investigated scenarios, except
the 33 wt.% formalin solution obtained in Case 1. In addition, high-purity glycerol (i.e., over 99%) is

produced following the biodiesel production process.

3.3.3. Environmental evaluation using life cycle assessment methodology

The present study aims to evaluate the environmental burden of MeOH production via direct CO>
hydrogenation process and its subsequently conversion to valuable derivatives (i.e., formalin, DME, MTBE
and biodiesel). The production of one ton of MeOH derived product was chosen as FU.

The present research represents a cradle-to-gate environmental evaluation as it includes: catalyst supply
chain, power production and utilization, input and output of main production processes and waste disposal.
Figure 3.3-1 better illustrates the processes considered within the boundaries of the system.

Since the assumptions made during the LCIA stage significantly affect the results, it is best practice to
conduct either a sensitivity or scenario analysis to examine and highlight the impact of the primary
contributors [85]. The electric source of the water electrolysis process plays a prominent role in the MeOH
production, thus a scenario analysis targeting the power supply for H, production was conducted. The first
scenario assumes that the electricity grid mix provides the required power, while based on scientific
literature and aiming to address a more sustainable process, wind and hydro power were considered as well.
In addition, the employment of renewable power sources both for the production of H, and MeOH was also

investigated.
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Figure 3.3-1. System boundaries of the LCA investigation

The environmental analysis’ findings of the scenario considering the electricity import from the grid

mix both for H, and MeOH synthesis are presented in Table 3.3-2.

Table 3.3-2. LCA results corresponding to grid mix import for H, and MeOH production

Parameter Unit Case 1 Case 2 Case 3 Case 4
GWP kg CO; eq./t 8,529.72 9,021.31 7,273.83 884.47
FEPx102 kg P eq./t 2.04 221 1.60 0.45
ODPx10’ kg CFC-11 eq./t 3.51 3.72 1.18 0.34
FDP kg oil eq./t 2,017.05 2,132.40 3,739.19 368.54
FETP kg 1,4-DB eq./t 2.79 2.98 2.14 0.35
HTP kg 1,4-DB eq./t 302.60 220.34 239.32 30.50
MDP kg Fe eq./t 55.84 59.12 25.34 5.80
POFP kg NMVOC/t 70.99 14.88 47.22 2.08
TETPx10? kg 1,4-DB eq./t 20.90 14.50 8.31 1.72

Case 2 (i.e., DME production) shows the highest impact in five out of nine impact indicators (i.e., GWP,
FEP, ODP, FETP and MDP). Case 1 (i.e., formalin manufacture) registers the highest score in regards to
HTP, POFP and TETP, while Case 3 (i.e., MTBE production) shows the highest FDP impact. From the
technical evaluation (see Table 3.3-1) and previously reported LCA results (see Table 3.3-2) one can

observe that the GWP value is directly related to the H, demand. DME synthesis requires the largest
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quantity of MeOH, demanding as well the highest energy consumption. Formalin production displays
similar energy requirements as DME manufacture, thus justifying the increased GWP impact. For the
production of MTBE, even though the energy demand is not as high as in the previous cases, the butene
supply chain comes as the main contributor to the total GWP score (over 60% share of the overall score).
Case 4 (i.e., biodiesel production) shows the lowest impact in all nine evaluated impact categories,
registering approximately ten times lower score with respect to GWP, FDP and HTP when compared to the
worst-case scenario (i.e., 9,021.31 kg CO- eq./t vs. 884.47 kg CO- eq./t, 3,739.19 kg oil eq./t vs. 368.54 kg
oil eq./t and 302.60 kg 1,4-DB eq./t vs. 30.50 kg 1,4-DB eq./t, respectively). When comparing either
Case 1, Case 2 or Case 3 to Case 4, the power needs for H, generation and the butene supply chain in Case
3 explain for the drastically different GWP, FDP and HTP scores achieved.

Renewable energy is growing popularity, therefore, based on relevant scientific literature [86-89], the
integration of wind power within the water electrolysis process was investigated. The outcome of the LCA

study is summarized in Table 3.3-3.

Table 3.3-3. LCA results corresponding to wind-powered H; production

Parameter Unit Case 1 Case 2 Case 3 Case 4
GWP kg CO; eq./t 1,309.95 1,352.31 4,865.82 236.54
FEPx10® kg P eq./t 2.79 3.37 10.10 291
ODPx108 kg CFC-11 eq./t 2.48 251 0.91 0.51
FDP kg oil eq./t 183.37 184.62 3,127.60 203.98
FETP kg 1,4-DB eq./t 0.37 0.41 1.33 0.13
HTP kg 1,4-DB eq./t 144.70 52.62 186.65 16.33
MDP kg Fe eq./t 188.02 199.53 69.43 17.66
POFP kg NMVOC/t 59.10 2.25 43.25 1.02
TETPx10? kg 1,4-DB eq./t 9.34 2.14 4.44 0.68

All four evaluated cases achieve a significantly better environmental performance when employing
wind power instead of grid mix for the water electrolysis process. Case 1 and Case 2 register over six times
lower GWP effect (i.e., 8529.72 kg CO; eq./t vs. 1,309.95 kg CO. eqg./t in Case 1 and
9,021.31 kg CO; eq./t vs. 1,352.31 kg CO- eq./t in Case 2), while Case 4 shows three times decreased
impact (i.e., 884. 47 CO; eq. vs. 236.54 CO; eq.). In the case of MTBE manufacture, the butene supply
chain brings a considerable contribution to the overall GWP score, but the utilization of wind power sources

decreased the GWP score by 1.5 times. Apart from the GWP impact, significant reductions (i.e., about one
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order of magnitude) are registered as well in the FEP, ODP and FDP impact categories. For example, in the
EU grid mix scenario, the FDP score registered either in Case 1 or Case 2 is about 2,000 kg oil eq./t, while
in the wind-power scenario the impact score drops to 184 kg oil eq./t. The increased FDP impact in Case 3
is due to the butene supply chain, while the oil supply chain, in addition to the electricity requirements,
plays an important role in Case 4.

In the light of the fact that a large number of countries target between 40% to 50% reduction in the
carbon footprint [90], and current policy initiatives aim towards a 48% share of RESs by 2050 [72], the
authors examined the integration of wind power sources both for H, and MeOH manufacture (see Table
3.3-4).

Table 3.3-4. LCA results corresponding to wind power use for H, and MeOH production

Parameter Unit Case 1 Case 2 Case 3 Case 4
GWP kg CO2 eq./t 858.20 872.45 4715.15 195.98
FEPx10® kg P eq./t 1.69 2.20 9.76 2.81
ODPx10° kg CFC-11 eq./t 4.42 3.45 2.29 3.28
FDP kg oil eq./t 68.63 62.75 3089.33 193.68
FETP kg 1,4-DB eq./t 0.22 0.25 1.28 0.12
HTP kg 1,4-DB eq./t 134.82 42.13 183.36 15.44
MDP kg Fe eq./t 196.30 208.32 72.19 18.40
POFP kg NMVOC/t 58.36 1.46 43.00 0.95
TETPx10? kg 1,4-DB eq./t 8.61 1.37 4.20 0.61

The outcome of this scenario analysis shows a decrease score in all investigated impact categories in
either of the four evaluated cases. Case 4 (i.e., biodiesel production) provides the best results in six out of
nine impact indicators (i.e., GWP, FETP, HTP, MDP, POFP and TETP). Case 1 and Case 2 (i.e., formalin
and DME production, respectively) show a GWP reduction from over 1,300 kg CO: eq./t to roughly 860
kg CO- eq./t. In the third case scenario (i.e., MTBE production), the butene supply chain continues to
provide the largest impact in regard to either GWP or FDP impact. The ODP indicator shows ten times
decreased impact in either of the four examined cases. Case 3 displays the best results and it is followed by
Case 4 and Case 2, respectively (i.e., 2.29x10° kg CFC-11 eq./t in Case 3 vs. 3.28x10°kg CFC-11 eq./t in
Case 4 vs. 3.45x10° kg CFC-11 eq./t in Case 2). Compared to previously examined scenarios (i.e.,
electricity import from grid mix and wind-powered H; generation), the employment of wind power sources

both for H, and MeOH manufacture led to an increase MDP score in all cases due to the installation of the
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wind turbines (e.g., for the best-case scenario, Case 4, 5.80 kg Fe eq./t vs. 17.66 kg Fe eq./t vs. 18.40 kg Fe
eq./t).

According to previously presented results, Case 1 outperforms Case 2 in terms of GWP, FEP, ODP,
FDP, FETP and MDP, if wind power sources are used just for H. production. The opposite occurs when
employing wind power sources both for H, and MeOH manufacture. Case 2 (i.e., DME production) comes
as second best-case scenario, outperforming Case 1 in five of a total of nine impact indicators studied (i.e.,
ODP, FDP, HTP, POFP and TETP). The high differences in the POFP category may be attributed to the
formalin impact (i.e., 58.36 kg NMVOC/t in Case 1 vs. 1.46 kg NMVOCI/t in Case 2).

The type of RESs that can be leveraged to achieved carbon neutrality and cut GHG emissions
substantially depend upon the geographical context. Considering a prior investigation conducted by the

authors [91], the current research addresses as well to the use of hydro power for H, and MeOH production.

Table 3.3-5. LCA results corresponding to hydro power use for H, production

Parameter Unit Case 1 Case 2 Case 3 Case 4
GWP kg CO2 eq./t 1267.37 1307.08 4851.62 232.72
FEPx10° kg P eq./t 2.55 3.11 10.08 2.89
ODPx108 kg CFC-11 eq./t 2.38 241 0.88 0.50
FDP kg oil eq./t 151.77 151.06 3117.06 201.15
FETP kg 1,4-DB eq./t 0.34 0.38 1.32 0.13
HTP kg 1,4-DB eq./t 129.92 36.92 181.73 15.01
MDP kg Fe eq./t 95.89 101.67 38.70 9.39
POFP kg NMVOC/t 58.95 2.09 43.19 1.00
TETPx102 kg 1,4-DB eq./t 8.63 1.39 4.20 0.61

The findings of the environmental analysis when employing hydro power sources to supply the
electricity requirements for the water electrolysis process are slightly better compared to those obtained
following the wind-powered scenario. The highest reduction is observed in the MDP indicator, with about
50% lower score achieved in either of the four investigated cases. Case 4 performs best in seven out of nine
impact categories studied (i.e., GWP, ODP, FETP, HTP, MDP, POFP and TETP). At the opposite side,
Case 3 comes as the worst-case scenario leading to the highest impact in GWP, FEP, FDP, FETP and HTP.
The butene supply chain is the primary cause of the higher GWP, FDP and HTP score. Case 1 and Case 2
display similar results, however, a slightly better performance in terms of GWP, FEP, ODP, FETP and
MDP is achieved in Case 1.

38



UNIVERSITATEA |
BABES-BULYAI Case studies

Investigation of high value chemicals production

The scenario accounting for the integration of hydro power sources both for H, and MeOH manufacture
was investigated as well. The environmental results obtained in this scenario are reported in Table 3.3-6.

Table 3.3-6. LCA results corresponding to hydro power use for H, and MeOH production

Parameter Unit Case 1 Case 2 Case 3 Case 4
GWP kg CO; eq./t 812.96 824.40 4700.06 191.93
FEPx10° kg P eq./t 1.43 1.92 9.68 2.79
ODPx10° kg CFC-11 eq./t 3.34 2.30 1.93 3.18
FDP kg oil eq./t 35.06 27.09 3078.13 190.67
FETP kg 1,4-DB eq./t 0.19 0.22 1.27 0.12
HTP kg 1,4-DB eq./t 119.12 25.45 178.12 14.04
MDP kg Fe eq./t 98.40 104.33 39.54 9.62
POFP kg NMVOC/t 58.20 1.29 42.95 0.94
TETPx10? kg 1,4-DB eq./t 7.86 0.57 3.95 0.55

The utilization of hydro power both for water electrolysis, as well for MeOH production resulted in the
best environmental performance for each of the examined cases. Compared to the use of wind power for
H, and MeOH synthesis, the MDP score is approximately two times lower when using hydro sources. As
previously noted, the butene supply chain is the key contributor to the increased GWP, FDP and HTP impact
scores in Case 3. The increased HTP and POFP effect in Case 1 is mostly attributed to formalin emissions.

As in the previously assessed scenario (i.e., wind power both for H, and MeOH synthesis), the best
environmental performance is obtained in Case 4, while Case 3 comes as the worst-case scenario with the
highest impact in terms of GWP, FEP, FDP, FETP and HTP. Case 1 and Case 2 present similar
environmental performance, except the TETP impact score (i.e., 7.86 kg 1,4-DB eq./t in Case 1 vs. 0.57 kg
1,4-DB eq./t in Case 2).
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3.4. Investigation of fertilizer production

Ammonia (NHs) is amongst the most widely produced chemicals worldwide [92], having a variety of
applications in sectors such as fertilizer production, explosives, plastics and pharmaceuticals [93]. In 2021,
global NHj3 production reached 168 million tons, with 2% yearly growth projected [94] owing to the ever-
increasing worldwide population and food production, which will drive up demand for fertilizer [95]. China
is the largest ammonia producer, accounting for 31.4% of total production, followed by Russia (i.e., 10%),
the United States (i.e., 8.9%) and India (i.e., 7.8%) [96]. Ammonia has recently attracted interest as a
possible energy carrier or H, storage medium due to its three times higher volumetric energy density
compared to Hz [97], as well as its advantageous transportation and storage characteristics [98]. However,
the main utilization of NH3 (i.e., over 80% of global output) consists of fertilizer production [99],
particularly in the production of urea, ammonium nitrate and ammonium phosphate [100]. As stated by
Walling and Vaneeckhaute, urea and ammonium nitrate supply nearly 75% of the nitrogen fertilizers
consumed worldwide [101].

Therefore, fertilizer production is of paramount importance to modern society and, with the increasing
adoption of renewable resources, it has the potential to play a crucial role in mitigating climate change. The
current study aims to evaluate and determine the potential environmental benefits of utilizing green
ammonia coupled with the production of both urea and ammonium nitrate compared to conventional
process technologies. As stated before, there have been limited studies regarding fertilizer production from
an LCA perspective. The key novelty aspects brought by the present study consist of a technical and
environmental performance comparison between green and blue ammonia production, both paths coupled

with urea and ammonium nitrate manufacture.

3.4.1. Plant configuration for urea and ammonium nitrate production

In an effort to support the rising global food demand and help achieve the Net Zero Emissions scenario
by 2050, green sustainable ammonia production routes for urea and ammonium nitrate fertilizers are
explored. Therefore, the following pathways are investigated in the current chapter:

Case 1. Traditional ammonia manufacture coupled with either urea or ammonium nitrate production;

Case 2. Wind-powered H. generation for green ammonia production coupled with either urea or
ammonium nitrate production processes;

Case 3. Hydro-powered H generation for green ammonia production coupled with either urea or

ammonium nitrate production processes;
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Case 4. Photovoltaic-powered H, generation for green ammonia production coupled with either urea
or ammonium nitrate production processes;

Case 5. Nuclear-powered H; generation for green ammonia production coupled with either urea or
ammonium nitrate production processes.

Considering that the SMR process with the employment of the reactive gas-liquid carbon capture
system is the most popular method for H, manufacture for ammonia production through the Haber-Bosch
process, Case 1 is regarded as the benchmark. In Cases 2 through 5, green ammonia is produced via water
electrolysis using a variety of RESs, including wind (i.e., Case 2), hydro (i.e., Case 3), PV (i.e., Case 4) and
nuclear (i.e., Case 5). All scenarios take into account an ASU for N2 production, and the synthesized

ammonia is further used for either urea or ammonium nitrate production processes.

3.4.2. Process modelling and simulation and main design assumptions

The key technical performance indexes for urea and ammonium nitrate manufacture under the evaluated
cases are displayed in Table 3.4-1. All examined sustainable urea production cases show lower raw
materials specific consumption when compared to the traditional approach which employs SMR for H»
synthesis (i.e., 1.71 times less water and 5.43 times lower air quantities). It should be noted that Case 1
requires a supplementary 517.76 kg of natural gas to generate the much-needed H, for the ammonia
synthesis, while demand for intermediate materials remained consistent throughout all scenarios. With
regard to the power consumption in Case 1, 186.12 kW out of the total required power of 436.85 kW is
produced by the SMR section and approximately 250 kW is imported from the grid mix. On the other hand,
each alternative urea manufacture scenario (i.e., Cases 2 to 5) demands more electricity than the traditional
pathway, primarily because of the water electrolysis process.

For ammonium nitrate production, roughly 93% of the total natural gas needed in Case 1 is utilized
within the SMR process, while the rest is demanded in the main ammonium nitrate production process. A
small amount of natural gas is as well required in the sustainable ammonium nitrate production scenarios.
In regards to the specific water consumption, Case 1 shows a demand of 2,975.81 kg, half being employed
within the SMR process and the rest for nitric acid production. In contrast, Cases 2 to 5 demand about 900
kg within the water electrolysis process and an identical amount as in Case 1 for the production of nitric
acid. Air requirement is 1.43 times higher in Case 1 compared to all green ammonium nitrate scenarios. In
terms of specific energy consumption, approximately 126 kW out of the total required 480 kW is internally
supplied within the SMR section, while the remaining is imported from the grid. Similar to green urea
synthesis, over 90% of electricity utilized in the alternative ammonium nitrate production cases is consumed

for water electrolysis, resulting in an energy requirement significantly larger than the traditional pathway.
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Table 3.4-1. Technical performance indices for the investigated scenarios

Parameter Unit of Case 1 Case 2 Case 3 Case 4 Case 5
measure
Product name Urea
Product quantity kg 1,000 1,000 1,000 1,000 1,000
Product purity % 99.90 99.90 99.90 99.90 99.90
Raw materials
Natural gas kg 517.76 - - - -
Water kg 2,294.09 1,340.67 1,340.67 1,340.67 1,340.67
Air kg 4,959.53 912.17 912.17 912.17 912.17
Intermediate materials

N2 kg 689.27 689.27 689.27 689.27 689.27
H> kg 148.90 148.90 148.90 148.90 148.90
NH3 kg 810.20 810.20 810.20 810.20 810.20
CO; kg 1,127.78 1,127.78 1,127.78 1,127.78 1,127.78
Total electricity consumption kw 436.84 8,421.59 8,421.59 8,421.59 8,421.59
Internal electric power kW 186.12 - - - -
External electric power kW 250.72 8,421.59 8,421.59 8,421.59 8,421.59
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Table 3.4-1. continued

Parameter Unit of Case 1 Case 2 Case 3 Case 4 Case 5
measure
Product name Ammonium nitrate
Product quantity kg 1,000 1,000 1,000 1,000 1,000
Product purity % 98.58 98.58 98.58 98.58 98.58
Raw materials
Natural gas kg 372.55 25.03 25.03 25.03 25.03
Water kg 2,975.81 2,335.81 2,335.81 2,335.81 2,335.81
Air kg 8,960.66 6,244.41 6,244.41 6,244.41 6,244.41
Steam kg 50.43 50.43 50.43 50.43 50.43
Intermediate materials

N2 kg 462.77 462.77 462.77 462.77 462.77
H> kg 99.97 99.97 99.97 99.97 99.97
NH3 kg 543.97 543.97 543.97 543.97 543.97
CO, captured kg 644.24 644.24 644.24 644.24 644.24
Total Electricity consumption kw 480.14 5,930.11 5,930.11 5,930.11 5,930.11
Internal electric power kw 125.93 - - - -
External electric power kW 354.21 5,930.11 5,930.11 5,930.11 5,930.11
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3.4.3. Environmental evaluation using life cycle assessment methodology

The current research aims to evaluate and compare the environmental burden of several green ammonia
production pathways that are coupled with green urea and ammonium nitrate production processes against
traditional technologies. The function of the system consists of an annual production of 450,000 tons of
urea and ammonium nitrate, respectively, representing an hourly production of 57 tons of product. One ton
of urea and ammonium nitrate, respectively, is considered as FU. The present study represents a cradle-to-
gate LCA since the following processes are considered within the system boundaries: i) upstream processes:
N2 supply through ASU, H: generation by water electrolysis and SMR process, electricity supply chain; ii)
main processes: ammonia manufacture and subsequent utilization for urea and ammonium nitrate
production, respectively; iii) downstream processes: waste disposal and waste water treatment.

The environmental results of the study regarding the urea production are displayed in Table 3.4-2.

Table 3.4-2. LCA results for urea production according to ReCiPe 2016 method

Cases investigated

KPI Units
Case 1 Case 2 Case 3 Case 4 Case 5
GWP kg CO; eq./ turea 681.84 159.14 134.83 654.16 123.36
FEPx10® kg P eq./ turea 3.20 1.20 1.09 1.96 1.37
ODPx10° kg CFC-11 eq./ turea 5.45 4.37 3.15 15.04 3.77
FDP kg oil eq./ tyrea 628.91 56.32 38.79 204.12 1,854.79
FETPx102 kg 1,4-DB eq./ turea 11.50 2.63 1.45 12.90 34.70
HTPcancer kg 1,4-DB eq./ turea 0.18 4.32 2.78 0.44 0.23
HTPnon-cancer kg 1,4-DB eq./ turea 8.47 13.87 3.58 187.93 34.35
MDP kg Cu eq./ turea 0.56 2.75 1.02 17.55 0.25
PCOFecosystem kg NOx eq./ turea 0.37 0.26 0.15 1.26 0.29
PCOFhuman heaith kg NOx eq./ turea 0.37 0.26 0.15 1.21 0.28

All sustainable ammonia production coupled with urea manufacture scenarios (i.e., Cases 2 to 5) present
a lower GWP score compared to the benchmark (i.e., Case 1), which registers the highest score (i.e., 681.84
kg CO; eq./tuea). By embedding water electrolysis process with RESs, the wind power scenario (i.e., Case
2) results in 4.3 times lower GWP impact, while the utilization of hydro sources (i.e., Case 3) provides a
reduction by 5 times. The utilization of nuclear power sources (i.e., Case 5) led to the lowest GWP indicator,
with 5.5 times decrease compared to the traditional process. Unlike the other renewable sources scenarios,

the use of PVs for power generation does not lead to a substantial reduction in GWP, by and large as a
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result of the large amount of electricity required for electrolysis-based H, synthesis. As a result, the GWP
indicator for Case 4 was only slightly less than that of the benchmark scenario (i.e., 654.16 kg CO> eq./turea
vs. 681.84 kg CO; eq./turea)-

Overall, the environmental performance of the green H, manufacture methods is heavily reliant on the
choice of renewable power source. Wind, hydro and nuclear power provided considerably better
performance compared to the benchmark case. The integration of hydro power as an electric source for the
water electrolysis process proves to be the most favourable option among all investigated routes, achieving
the best environmental performance in seven out of the total of ten impact categories. However, the
utilization of PV panels to provide the electricity for electrolysis displays the worst results in certain impact
indicators among all examined cases, scoring the highest values in five out of ten impact categories
investigated.

The findings of the environmental investigation of the ammonium nitrate manufacture scenarios are
presented in Table 3.4-3. The scenario involving the use of hydro power for sustainable ammonia
production coupled with ammonium nitrate manufacture yields the lowest impact scores of all scenarios in
six out of the ten impact categories. Compared to Case 1, the use of wind or nuclear power sources provide
considerably better environmental performance, with lower impact scores on seven categories, suggesting
the potential application of these renewable or carbon free sources for green H; generation, wherever
feasible.

Table 3.4-3. LCA results for ammonium nitrate production according to ReCiPe 2016 method

Cases investigated

KPI Units
Casel Case2 Case3 Case4 Caseb
GWP kg CO2 €q./ tammonium nitrate 636.13 285.29 268.98 617.52 261.28
FEPx10* kg P eq./ tammonium nitrate 18.78 5.38 4.66 10.46 6.54
ODPx10° kg CFC-11 eq./ tammonium nitrate 7.11 6.39 5.57 13.55 5.98
FDP kg oil eq./ tammonium nitrate 467.19 82.87 71.11 182.07 1,289.89
FETPx10? kg 1,4-DB eq./ tammonium nitrate 8.10 2.15 1.36 9.06 0.24
HTPcancer kg 1,4-DB eq./ tammonium nitrate 0.14 2.92 1.89 0.32 0.18
HTPhon-cancer kg 1,4-DB eq./ tammonium nitrate 8.01 11.63 4,73 128.45 25.38
MDP kg Cu eq./ tammonium nitrate 0.55 2.02 0.86 11.95 0.34
PCOF¢cosystem kg NOx eq./ tammonium nitrate 0.43 0.36 0.29 1.03 0.38
PCOFhuman health kg NOx eq./ tammonium nitrate 0.43 0.36 0.28 0.99 0.37
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The largest GWP impact is associated with traditional ammonia and ammonium nitrate synthesis,
closely followed by the use of PV panels as the power source (i.e., 636.13 kg CO; eq./tammonium nitrate VS.
617.52 kg CO:z eq./tammonium nitrate). EMploying wind or hydro power as the renewable electricity sources
within the water electrolysis process results in a considerable reduction in GWP score, reaching values 2.3
times lower than Case 1. The lowest impact is achieved when integrating nuclear power as a carbon free
energy source for green H; production (i.e., 261.28 kg CO2 €q./tammonium nitrate). In Cases 2,3 and 5, a higher
GWP score is observed for the green ammonium nitrate manufacture in comparison to the GWP values for
sustainable urea synthesis. This can be explained by the fact that additional emissions stem from nitric acid
manufacture.

Renewable energy sources such as wind and hydro are highly dependent on geographical location, and
not all areas have access to these better-performing options. Therefore, to account for the limited availability
of these RESs, PVs are evaluated as an alternative in this analysis. The environmental evaluation proves

that the use of PV panels leads in the poorest performance for six out of ten impact categories.

46



UNIVERSITATEA |
BABES-BULYAI Concluding remarks

4. Concluding remarks

Key industrial sectors with high energy needs and large amounts of GHG emissions were examined
throughout the current thesis. Studies were performed in order to determine whether combining CCUS
technologies with different RESs, that rely upon the geographical context, may lower the environmental
burden and contribute towards net zero CO. emissions. The four investigated industries are cement
manufacturing, biofuel production (including bio-methanol and biodiesel), high value chemicals
production, as well as fertilizer manufacturing.

To have a thorough understanding of the potential effects of combining carbon capture and utilization
methods with the integration of RESs towards decoupling the industry from CO emissions, all case
scenarios were examined from technical and environmental perspectives. In addition, the investigated case
scenarios were compared against the current production approaches.

The analysis of the available scientific studies revealed that there were few investigations on the topic,
particularly in regard to the environmental benefits brought by the integration of membrane separation
systems within cement manufacture, use of RD as means of process intensification for biodiesel production,
as well from the employment of renewable power sources within fertilizer manufacture. Therefore, the
focus of the present study was to evaluate the performance of carbon capture methods along with green
power sources based on key technical and environmental performance parameters.

The findings suggested that when comparing the CaL technology against the reactive gas-liquid CO;
capture (which is currently the state-of-the-art given its technological maturity) and membrane separation,
despite being in earlier stages of development and not as commercially available, CaL is proving to be a
better alternative. In addition, the integration of RESs in the production of high value chemicals resulted in
an overall better environmental performance, particularly when hydro power sources are used.

When taking into account the technological and environmental components of each case scenario that
was investigated, integrating carbon capture technology with green power mostly generated a much cleaner

and a more sustainable production pathway.
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