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Abstract

Around the world energy sustainability and environment protection face many
challenges due to the continuously increasing population and energy demands,
where the demanding rate of energy increases by at least 2.3% per year. Accord-
ing to statistical data, until 2035, fossil fuels still are the main source of energy
consumption. Burning fossil fuels produces the greenhouse gas of carbon dio-
xide as a byproduct. CO, emissions have a dangerous effect on both human
health and the natural environmental balance. There are many types of clean
energy like solar, biofuel, and wind energy. The major limitations of using these
types, their availability depends on climate conditions and their production rate
is inadequate for energy demand. For any country, energy resources’ availa-
bility and economic conditions imposed on projects’ prioritization. Applica-
tion of energy management and emissions control techniques for industrial unit
can limit fuel combustion environmental effects and transfer this fossil fuel to an
eco-friendly type. In this work, we applied Green Energy Model GEM to the Hy-
drotreater Unit of the refinery, GEM is composed of four techniques. Which are
Heat Exchangers Networks Synthesis [HENS], Fuel Switching, Thermal Insula-
tion application, and Carbon Captures Storage [CCS]. Where they reduce
energy consumption by the rate of 3% - 34% and control CO, emissions by the
rate of 26% - 90%. This model is a radical way to face climate change challenges
and practical solutions for both energy and environmental crises.

Keywords

Energy Management, Greenhouse Gases, Heat Exchangers Networks, Fuel
Switching, Thermal Insulation, Carbon Capture

1. Introduction

As technology development takes place, more energy consumes with high rates
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of greenhouse gases. Although concerted efforts for renewable sources of energy,
fossil fuel will be the prime energy source for the next 20 years [1] [2]. The in-
dustrial sector and power stations consume 60% of the annual required energy,
so they are responsible for 70% of CO, emissions. For example: if a fired heater
load of uniting is decreased by approximately 5%, that leads to a reduction of
carbon dioxide (CO,) emissions by a rate of 1700 tons/year, which can realize in
presence of 4150 trees. Over the next decade, we have difficult challenges to save
our nature life and humanity. Real cooperation among governments, communi-
ties, and businesses can synthesize a more sustainable world [3] [4] [5] [6].

In Egypt’s statistical analysis from 2014 to 2030, robust economic growth with
GDP increasing by 4% is expected. This growth includes increasing energy de-
mand by 117%, where 92% of this energy is a fossil fuel. Coal demand for power
stations rises from 1 Mtoe to 53 Mtoe. These energy consumption rates are respon-
sible for increasing CO, emissions by 126% and increasing air pollution costs by
117% [7].

Global gas consumption has nearly tripled since 1985 and now accounts for a
fifth of global primary energy. An estimated 6 million people are currently em-
ployed in oil and gas extraction worldwide. Egypt has ambitious plans to in-
crease renewable energy’s share of generation, but its development has been put
on hold in order to prioritize gas, rather than recent discoveries of natural gas
fields. The current situation in Egypt requires expansion of natural gas switch-
ing, taking into consideration the environmental precautions [8] [9] [10].

The rapid solution is limiting environmental risks of fossil fuel consumption
by emissions control and energy management of industrial units. In this work,
Green Energy Model GEM for energy & emissions reduction is applied. The mod-
el is composed of 4 practical technologies: energy recovery using [HENS], fuel
switching, thermal insulation technology, and carbon capture storage [11] [12].

Last four decades, HENS proved its energy recovery ability for industrial units.
Where, excess hot stream loads transfer to cold streams through heat exchang-
ers’ matches. By these matching, demand utilities such as steam and cooling fans are
reduced. Reduction of utilities has economic and eco-impacts. HEN can achieve the
reduction of utilities and CO, emissions by at least 20% [13] [14] [15] [16].

As the quantity of combusted fuel has a strong effect on GHG emissions, al-
though fuel type affects pollutants released. The common industrial fuels are
Coal, Fuel Oil, and Natural gas, where their rates of CO, emissions are 6300,
5200, and 3600 kg/h respectively. Switching coal and diesel oil to natural gas,
reduces emissions by the percentage of 43% and 31% respectively [17] [18] [19]
[20].

Zero energy loss is an important goal to save demand utilities and control emis-
sions. Thermal insulation application for industrial units with periodic mainten-
ance is the best way for minimizing energy losses. Insulation has many benefits
rather than saving costs, such as increasing process productivity, providing a sa-

fer and more productive work environment, and controlling condensation. In-
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dustrial insulations can share to solve energy and emissions crises by at least re-
duction percentage of 20% [21] [22] [23] [24] [25].

According to the BP Statistical Review of World Energy 2020, the volume of
global carbon dioxide emissions through fossil fuel consumption was 34,169 bil-
lion tons in 2019. CO, emissions in 2019 were about 60.1% higher than in 1990
and 44.3% higher than in 2000.

According to Emissions Gap Report 2021, a global temperature rising of 2.7°C
will happen by the end of the century. This rising would lead to catastrophic
changes in the Earth’s climate. The world needs to halve annual greenhouse gas
emissions in the next eight years to limit climate temperature rising [26] [27] [28].

Carbon Capture Sequestration CCS & Carbon Capture Utilization CCU is a
rapid solution to minimize the CO, rate of flue gases emitted from power stations
or the chemical industry. Post Combustion Capture is the most mature CO,
capture technology, a major advantage of this technology is that it can be retro-
fitted to the many emission sources that already exist [29] [30] [31].

In this work, the GEM model has been applied to an industrial unit as a case
study. This case study is a naphtha hydrotreater united with a petroleum refi-
nery. In the industrial sector, petroleum refineries consume the largest quantity
of premium fuels. In refinery, many processes for rising product grades as re-
former units require catalytic protection. This is the hydrotreater role, where be-
sides sulfur removal it eliminates nitrogen and metal contaminants. It needs
about 20% of refinery energy consumption [32] [33] [34] [35]. Application of
the four techniques of energy management and minimizing GHG emissions
realize the reduction of energy consumption by the rate of 3% - 34% and control
CO, emissions by the rate of 26% - 90%.

2. Energy Crisis

All these conditions: the shortage of resources, increasing rate of demand ener-
gy, and the restricted production of renewable energy sources lead to compli-
cating energy crises. Fossil fuels with harmful environmental impact are still a
prime source of energy for the next 20 years as shown in Figure 1. Coal which is
the highest emitter fuel produces 35% of global electricity. Economic conditions

especially for development countries rearrange priorities [36] [37] [38] [39].

3. GHG Emissions

As shown in Equation (1)-(3), the rate of pollutants and harmful emissions
(M,,,) is affected by the amount of fuel combusted (Qj,,) and fuel type physical
properties. As shown in Table 2, emissions indicators (8 & ¢) of Fuel oil are
higher than Natural Gas. While the net heating value NHV of Fuel oil is lower
than Natural Gas, so Natural Gas is the least emitting of CO,. These emissions
are the main reasons for severe climate change and its appurtenances of Global
Warming, Desertification, Forest Fire, Flood, Drought, Disturbance of Natural

Balance, Deterioration of Human Health, and Bad Impact on Economic.
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Figure 1. Historical and projected world energy consumption by fuel type, in units of
quadrillion Btu [37].
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4. Experiment

4.1. Green Energy Model GEM for Energy & Emissions Reduction

A model composed of four technologies can be applied to any industrial unit to

maximize its energy efficiency and reduce released CO,.

4.1.1. Heat Exchangers Networks Synthesis [HENS]

HENS’ theory depends on energy integration by transferring energy load from
hot streams to cold streams through heat exchangers. These matches can mi-
nimize required hot and cold utilities. See Figure 2, where matching E1 & E2
reduced loads of both the heating system and cooling system by 54% & 52% re-
spectively. This reduction has economic and environmental benefits due to mi-

nimizing fuel combusted and emissions released.

4.1.2. Fuel Switching

Natural gas (N.G) is a fossil fuel with the least emissions rate compared to oil
and coal as shown in Figure 3. In Egypt, sustainable development and recent
N.G discoveries require expansion of N.G switching through environmental
precautions. Where switching of both Coal & Oil to N.G reduces emissions by at
least 43% & 31% respectively [15].

4.1.3. Application of Thermal Insulation
The global goal for governments and communities is zero value for both emissions
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Figure 3. CO, emissions rates of the three types of fossil fuels [15].

and energy losses by 2050. Thermal insulation application is a fast direct way of
energy loss reduction. Besides the economic and environmental benefits of ener-
gy-saving, insulation realizes more safety and adjustment of processes control as

shown in Figure 4. Energy losses can be estimated using Equations (4)-(6) [21].

$=[10+(T,~T,)/20]%(T, -T,) @)
Hs=S=*A (5)
A=2r*r*L (6)

4.1.4. Carbon Capture Technology

Flue gasses of industrial unit and power stations are the main source of CO, emis-
sions. Approximately annual emissions of industrial units are 400,000 ton/year,
which equals 180,000 cars’ emissions. Therefore elimination of CO, of different
flue gas types through CCS or CCU helps to avoid the dangerous effects of fossil
fuel combustion. Where, 90% of exhaust gasses CO, can be collected and stored
geologically in great depth through CCS or utilized through CCU. CO, utiliza-

tion without conversion is used for oil and gas enhanced recovery. While CO,
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Piping Insulation

Figure 4. Scheme of piping thermal insulation [21].

utilization with conversion is used for chemical synthesis, carbon mineralization,
and algae cultivation. Three types of CCS, Post-combustion, Pre-combustion &
Oxy-fuel can be applied to the industrial sector. Recent design of Post Combus-
tion type is defined by its small size, high efficiency, and flexible operability con-
ditions. In post-combustion type, CO, is absorbed firstly by amine solvent in
scrubber column then regeneration and recycling of solvent take place. Finally, stage

is the transportation of CO, and clean exhaust gas. See Figure 5(a) & Figure 5(b).

5. Discussion and Results

The first step to examine the model validity is choosing a case study where ap-

plication results can prove the model’s applicability.

5.1. Application GEM Model on a Case Study

Egypt has the greatest refining capacity in Africa. On the other side, refineries,
steel, and cement are the prime source of GHG in the industrial sector. We take
the hydrotreater to unit of a refinery as a case study due to its important role and
high fuel consumption. The hydrotreating unit removes sulphur, nitrogen, and
metal contaminants, it consumes about 20% of refinery energy consumption.
Removal of sulfur is essential for protecting the catalyst in subsequent processes

and for meeting product specifications.

Description of Naphtha Hydrotreater Unit

Naphtha feed and hydrogen introduce to the fired heater then the catalytic reac-
tor. Reaction product cools and separates. Where, the mixture of naphtha and
light hydrocarbon is transferred to the stripper column and H2 recycled to the
feed stream. Treated naphtha is the outcome of the column. A flowsheet of the

process is shown in Figure 6.

5.2. Energy Recovery using HEN Technology for Naphtha
Hydrotreater

1) Classification of the process into two groups of hot and cold streams is
listed in Table 1.
2) Many HENSs at different temperature differences (A7) are designed.
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Table 1. Streams data of hydotreater unit.

CP H

Stream T, °C T, °C Mj/h °C Mj/m? °C
Reactor Effluent (h1) 350 38 165.6 2.02
Lean Oil (h2) 232 38 13.5 1.7
Stripper Condenser (h3) 157 38 273.9 2.02
Reactor Feed (C1) 95 350 167.3 2.02
Stripper Feed (C2) 38 167 117.8 2.02
Stripper Feed 2 (C3) 52 130 12.0 2.02
Mixed Stripper Feed (C4) 162 211 212.6 2.02
Stripper Reboiler (C5) 231.9 232 249690.0 2.02

3) Estimation of utilities and added cost of every network design, then CO,
emissions corresponding to every design are assigned.

4) Optimum A7}, is defined as 18°C. See Figure 7.

5) Comparing between optimum & existing HENs (Figure 8(a)) is done. Ac-
cording to this comparison, revamping of the existing HEN design took place by
relocating exchanger 4 and adding a fired heater to cold stream C4. See Figure
8(b). The results of these modifications are percentage reduction of hot & cold
utilities as 25% & 28% respectively beside reduction of CO, emissions as 25%.

Revamped Hydrotreater flowsheet is shown in Figure 9.

5.3. Application of Fuel Switching Technology for Hydrotreater
Unit

The fuel used in this refinery is fuel oil which is highly emitter of CO, by at least

30% than N.G. Recent Egyptian discoveries of N.G resources and Egypt’s loca-

tion as a crossway trade of liquefied N.G, expanded N.G projects. So replace-

ment fuel oil with N.G is recommended for hydrotreater unit. This switching

realized satisfying results for reduction of cost and CO, emissions by 34%. Speci-

fications and application results of the two fuel types are listed in Table 2.

5.4. Application of Thermal Insulation Technology for
Hydrotreater Unit

The target is to minimize both energy losses and CO, emissions of hydrotreater
unit by applying thermal insulation. There are two classifications of insulator
types, according to temperature range and according to construction material.
See Figure 10. The Candidate type for the case study is Mineral Wool, which is
an inorganic material and applicable to high temperatures. This insulator is de-
fined by its flexibility and availability in many forms besides its low thermal
conductivity (0.044 W/m’K). The insulator thickness is 10 mm and expecting
surface temperature is 60°C.

The hydrotreater unit conditions before and after Insulation is listed in Table

3. Where, this technology realized great results in minimizing both energy losses
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Table 2. Specifications & results of 2 fuel types for hydrotreater unit.

Fuel Specification Natural Gas Fuel Oil
NHV MJ/kg 51.2 40
B 0.76 0.85
¢ 35 3.7
CER 0.052 0.079
Cost $/kg 0.34 0.4
QuaMJ/h 54803.1 54803.1
Operating Cost $/y 2,882,373 4,340,475
Pollutant Emission ton/y 25,055 37,919

Table 3. Hydrotreater unit conditions before and after insulation.

Before Insulation

After Insulation

Energy Losses kCal/h
Excess Fuel Combusted ton/y
Cost of Excess Fuel $/y
Insulation Cost $/y
Net Saving of Operating Cost $/y
% Energy Losses reduction
% CO, emissions reduction

% Demand Utility reduction

431,907
421
168,370

54,354
53
21,188
1600
125,516
89%
26%
3%
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Figure 10. Insulation types.

and emissions. Taking into consideration the construction and maintenance of
Insulators, the Net annual saving is 125,516 $/y and the percentage reduction of

CO, emissions reaches 26%.

5.5. Application of Carbon Capture Technology for Hydrotreater
Unit

In February 2022, The European Council’s latest report endorsed the objective of
achieving a climate-neutral by 2050 through drastic reduction of greenhouse gas
emissions, on the other hand finding ways for facing the remaining, and un-
avoidable emissions. The circular carbon economy is projected to capture and
reuse 9.3 billion metric tons of CO, by 2050 to control climate temperature ris-
ing by 1.5°C. Carbon Capture Storage CCS and Carbon Capture Utilization CCU
are the better alternatives for facilitating a less costly reduction in carbon emis-
sions with the continued use of fossil fuels. While carbon capture is a high-cost
application it can provide a good return on investment (ROI) by avoiding pe-
nalty regulations and protecting the environment. The benchmark of CO, Taxes
is 30 $/ton which expected to rise by gradually 2% to face climate damages and
human health deterioration caused by every CO, ton [39].

Many factors, including infrastructure, CO, transportation, geological data,
and storage capacity are defining contemporary costs of CCS in the range of 50 -
60 $/ton.

Post-combustion CCS is suitable to apply for refineries including Hydrotrea-
ter units, whatever the fuel used coal, fuel-oil, or N.G as shown in Figure 11.
Where emissions’ sources of refinery are loads of both furnaces and reboilers
(30% - 60%), production of electricity and steam (20% - 50%), products up-
grading unit (20% - 35%) and Hydrogen manufacturing unit (5% - 20%).

Expecting results of adding CCS to hydrotreater unit is 90% CO, elimination
from exhaust gasses & 95% solvent regeneration. Where, the adding cost is 100,000
$/y in case of using N.G and 140,000 $/y in case of F.O.

6. Results of Application Green Energy Model on
Hydrotreater Unit

Green Energy Model GEM proved its ability to apply to any industrial unit to mi-
nimize energy consumption and reduce CO, emissions. Application of the four
technologies: HEN, Fuel Switching, Thermal Insulation, and CCS got great results
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as shown in Figure 12(a) & Figure 12(b).
This model is a radical solution to using fossil fuels with avoiding their dan-

gerous effects on the environment and human health.

7. Conclusion

The current situation of energy crisis and environmental pollution rather than
climate change, require radical solutions to mitigate negative consequences.
Global temperature rising requires real cooperation among governments, com-
munities, and businesses to reduce GHG and so on halving rising. Due to fossil
fuel standing as prime fuel for the next decades with continuous CO, emissions,
GEM with four techniques can be applied for industrial unit. This model used
for Hydrotreater units and realized great results of energy integration and emis-
sions control. Where the four techniques are energy recovery by HEN, Fuel
switching from fuel oil to natural gas, application of thermal insulation, and
Carbon Captures reduce energy consumption and CO, at a good rate. Demand
utility of the case study recedes in the range of 3% - 34% and elimination of ex-
haust CO, reached 90%. More effort is required to innovate and apply new tech-
niques for facing climate change and sustainable development.
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GEM Green Energy Model CCS Carbon Captures Storage
GDP Gross Domestic Product Nfurn, Efficiency of fired heater (dimensionless)
S Surface heat loss in kCal/hr m? NHV  Net heating value of fuel kCal/kg
T, Hot surface temperature in °C s Boiler efficiency in %
T, Ambient temperature in *C r Radius of pipe m
H, Total heat loss kCal/hr L Radius of pipe after insulation m
) Ill'(l)en I:);aizselsx;zcr:tage of the pollutant in I Pipe length m
¢ Temlnmmitteintont e e
Torpr Flame temperature = 1800°C M, Rate of pollutants released kg/h
Toruck  Stack temperature = 160°C Qe Actual rate of combusted fuelkCal/h
CCU Carbon Captures Utilization Qproc. Estimated rate of combusted fuel kCal/h
O.C. Annual Operating Cost $/y
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