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Summary

Producing construction materials requires a great amount of energy, and

in Saudi Arabia, this production currently entails the use of substantial
amounts of liquid fuels. Liquid fuels are mostly sold at below-market prices
domestically, and thus result in large opportunity costs for the government.
Saudi Arabia’s interests reside in displacing higher-value liquid fuels with
more appropriate alternatives. The Saudi government plans to encourage
the displacement of oil by reforming the below-market oil prices. Alternatives
could include other fuels and more energy-efficient manufacturing processes.
This paper investigates, the cost implications of switching existing fuels or
processes for individual firms and the government.

We focus on firms that produce ceramic tiles, float glass,
and red bricks. Two policy instruments are considered:
the speed of energy price adjustments and whether the
government covers half of a firms’ capital expenses when
purchasing alternate manufacturing units. Switching to
natural gas and keeping the existing process is generally
found to be the least costly option for both stakeholders.
However, the capital subsidy can make alternative

manufacturing units attractive, especially when natural
gas is used. This is the case for the examined float glass
firm, where oxyfuel regenerative furnaces become the
preferred option. Similarly, vertical shaft brick kilns would
be the cost-minimizing option for a red bricks firm when
the subsidy is applied. The main finding is that switching
from oil products to natural gas would be the most
economical option.
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I. Introduction

According to the Saudi Industrial Center, the domestic market for construction
materials was valued at 221 billion Saudi Arabian riyals (SAR) in 2021 (IC
2024). These materials consist of cement or cement derivatives, ceramics,
glass, bricks, and lime. The Saudi General Authority for Statistics (GASTAT
2024a) shows that production in this industry rose by 29% in August 2024
compared to 2021. This growth is expected to continue, as the construction
materials industry is projected to contribute 53 billion SAR to the national
gross domestic product by 2035 (IC 2024). The fuel use data available to
us show that local firms producing construction materials use substantial
amounts of liquid fuels that are sold at below-market prices. In aggregate,
GASTATs (2024b) input-output table of the Saudi economy in 2021 indicates
that 7.67 billion SAR worth of refined oil products were used by this industry.

Local fuel sales by Saudi Aramco at below-market of consumption.! Saudi Aramco (2024) disclosed that
domestic prices impose a cost for the Saudi government. the compensation totaled 203.1 billion SAR in 2023.

The government compensates Aramco for any forgone Although domestic fuel prices were raised in 2024, the
revenues that result from the sales. The forgone revenues  gap between domestic and market prices is still sizeable.
are essentially calculated using the gaps between Domestic prices of major industrial fuels in 2023 and 2024
market and domestic prices multiplied by quantities are shown in Table 1.

Table 1. Select fuel prices in Saudi Arabia in 2023 and 2024 (in U.S. dollars)

Arabian Light crude oil $6.35/barrel $14.90/barrel
Fuel oil (380 centiStokes) $3.80/barrel $8.30/barrel
Diesel $23.81/barrel $36.51/barrel
Natural gas $1.25/mmBtu $1.75/mmBtu

Source: Aljazira Capital (2024); Riyad Capital (2024).Source: Aljazira Capital (2024); Riyad Capital (2024).
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As part of its Fiscal Balance Program (2019), the Saudi
government intends to improve the allocation efficiency
of fuels by setting them at reference prices (Kingdom

of Saudi Arabia 2019). Reference prices either mean
international market prices in the case of liquid fuels or
some price that is linked to domestic production costs

in the case of gaseous fuels. Furthermore, the Saudi
government has the ambition to displace liquid fuels from
the domestic energy mix. The liquid fuel displacement
program aims to displace around 1 million barrels a

day that could have more valuable uses and reduce
greenhouse gas (GHG) emissions in Saudi Arabia (United
Nations Framework Convention on Climate Change 2024).

In this context, it is important to assess the possibilities
of fuel switching in the construction material industry
and the associated costs of adopting alternative options
on both the industrial facilities and the government. The
cost for the government is of interest, especially when
considering the pace of implementing domestic energy
price reforms and the option to grant capital subsidies
to support companies in changing their processes and
switching to alternative fuels.

We develop and apply a techno-economic tool that
covers ceramic tiles, red bricks, and float glass. Using
the tool, this study investigates the incremental costs
associated with switching fuels and manufacturing units
in the three sectors. Both private and public costs are
considered in our analysis. Private costs consist of any
investment and operational costs incurred by the firms.
Public costs primarily consider the forgone revenues for

which the Saudi government must compensate Saudi
Aramco. The effects of government support for any
investment required by the firms are also analyzed.

Several studies have been carried out on the future of
fuel use in the Saudi petrochemical, fertilizer, steel, and
cement industries. Alshammari (2021) estimates energy
use to generate heat for SABIC, a Saudi chemicals
company: he considers that SABIC mainly uses natural
gas, and his assumptions yield a linear rise in projected
natural gas use by the company. Looking into the
prospects of fuel substitution, Matar et al. (2015), Matar
and Anwer (2017), Matar and Elshurafa (2017), Matar and
Filali (2022), and Matar, Mansouri, and Umeozor (2024)
show that if domestic fuel prices are raised to their
market-equivalent values, liquid fuels used by Saudi
electricity and water utilities as well as large industry will
be replaced by natural gas and renewable technologies.
However, they do not incorporate smaller industrial
sectors like those of the construction materials industry,
and they also do not consider individual firms in their
analyses as they use an energy systems model for the
broader economy. Less attention in the literature has
been paid to local, smaller, fragmented industrial energy
consumers in Saudi Arabia, and so our study will look at
smaller firms in the construction materials industry.

In the following sections, the literature on the construction
materials sectors and how it has shaped our tool’s
development are reviewed. Then, the methods and data
used in the assessment are described, and the examined
policy scenarios and the tool’s output are discussed.
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2. Fuel Use and
Manufacturing
Processes in the
Construction
Materials Industry

The energy performance of the construction material industry has attracted
attention in the literature, notably because of its role in GHG emissions

in the life cycle of many products and in final energy use, as well as the
significant potential for its improvement. According to the International Energy
Agency (IEA 2023), the energy used in the construction material industry is
responsible for about /% of the total final energy demand in 2022.

Feeding into our study, energy efficiency in the
construction materials industry has been pervasively
supported by government-led energy efficiency
programs. The United States’s “Energy Star” program
supported the development of energy guidelines for
plant managers for cement, glass, and concrete products
(Kermeli et al. 2011; Worrell et al. 2008; Worrell, Kermeli,
and Galitsky 2013). Likewise, the European Commission
released Reference Documents for the Best Available
Techniques (BAT) to Save Energy in Cement, Lime,
Ceramics and Glass (Schorcht et al. 2013; European
Commission 2007; Scalet et al. 2013; Lecomte et al. 2017).
Shen, Price, and Lu (2012) highlighted that mandatory
energy audits imposed by the Chinese government have
not only supported companies in identifying opportunities
to save energy but have also enhanced management
practices, including through improved analysis of energy
use data.

Companies in the construction materials sector utilize
processing units similar to those in any other industry.
Energy intensive units encompass steam or thermal
boilers, furnaces, and kilns. If existing units are not
changed and only fuel substitution is considered, a simple
fuel burner change may be required within the existing
units. The Department for Business, Energy & Industrial
Strategy (2022) estimates that burner costs are 30% of a
complete boiler set up. For a 25-MWth boiler, for example,
the price comes out under $175,000. We incorporate

this burner cost-to-boiler relationship for all firing units.
We also take into account electric boilers as an option to
replace fuel-operated variants, as although they require
more capital, they are more energy efficient than their
fuel-based counterparts (Zuberi, Hasanbeigi, and Morrow
2021). As two sectors that require the use of steam
boilers, we integrate the boiler costs in the cement board
and concrete blocks industries based on the estimate of
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the Department for Business, Energy & Industrial Strategy
(2022) and Zuberi, Hasanbeigi, and Morrow (2021).
Further, the energy used for the steam-curing of concrete
blocks is parameterized using the Concrete Block
Association (2013).

Ceramics manufacturing is primarily classified into two
main categories: tiles and sanitary ware. Ceramic tiles
are less energy intensive compared with sanitary ware.
Ceramics use kilns as the foundational process that
may be electrified. Electric kilns exhibit lower energy
use compared to fuel-operated tunnel kilns (European
Commission 2007). Waste heat recovery also has large
potential in the manufacturing of ceramics. Monteiro,
Cruz, and Moura (2022) illustrate heat recovery strategies
where the exhaust gases from the kiln are recirculated
back to the kiln using an intermediate heat exchange.
Those strategies lower fuel use by up to a third. Oliviera,
Iten, and Matos (2021) also highlight the significant
potential of waste heat recovery in improving efficiency
in the ceramic industry; however, they caution against
its use due to the corrosive nature of certain exhaust
components.

Furthermore, glassmaking is diverse but can be
categorized in container and flat varieties. Within flat
glass, float glass is manufactured on a line where molten
glass is floated over a bed of molten tin. Energy use

and manufacturing line lifetimes differ between the two
categories. Even within the same category and the same
units, energy use can vary based on whether the glass
is laminated or processed further downstream (Institute
for Prospective Technological Studies 2013). Worrell

et al. (2008) detail the furnaces and cooling units used
to manufacture glass. Regenerative furnaces are the
predominant technology used in the process. Oxy-fuel
furnaces are less energy intensive and have a similar
capital cost to regenerative furnaces. They burn fuel with
oxygen gas rather than air. Thus, their operational costs
are higher as the oxygen gas is purchased from a third-
party supplier or sourced from an on-site air separator.
The oxygen gas supply options typically depend on the
amounts of oxygen needed by the factory (Zier et al.
2021). There are also electric boosters for fuel-based
furnaces. Those boosters may be equipped to lower
fuel use for glassmaking. We will examine the costs of
electricity compared to other fuels in Saudi Arabia.

Zier et al. (2021) review options for decarbonizing glass
manufacturing. They claim that future glass manufacturing
will rely on oxy-fuel furnaces and use hydrogen gas and

electricity as energy carriers. Griffin, Hammond, and
McKenna (2021) discuss fuel switching as one of the broad
interventions for decarbonizing the glass sector in the
United Kingdom. Glass Futures, an initiative funded by
the UK Research and Innovation Energy Programme, is
supposed to have completed a research facility by now

to investigate switching from coal to mainly biofuels and
further electrification but also, potentially, hydrogen gas.

Although heat recovery is already built into glass furnaces
(Sissa et al. 2013), Zier et al. (2021) state that waste

heat recovery has potential in this industry but can be
technically challenging. It has rarely been applied due

to operational issues, such as equipment fouling or the
distance between the heat recovery equipment and

the furnace in the glassmaking facility. Zier et al. (2021)
caution that full electrification or using state-of-the-air
fuels like hydrogen gas to make glass is not generally
cost-competitive.

Moving on to bricks, there are broadly two types: (1) cured
bricks that do not require firing, and (2) burnt bricks. We
assess both types in the form of cured concrete blocks
and red bricks. Concrete blocks are made by mixing
cement, aggregates, and water, and then blowing the
mixture into molds, with the molded blocks then cured
using steam in a kiln (Shakir and Mohammad 2013). We
include fuel- or electricity-based steam-curing kilns

for concrete block companies. There is also potential
here for advanced technologies, like those for CO,-
cured concrete blocks. Shi et al. (2012) state that energy
use for CO, curing is about one fifth of the energy

used for steam curing. However, we will only explore
mature technologies.

When it comes to red bricks, several kiln technologies
are used to manufacture them. Kilns, or any other

firing equipment, may be classified as intermittent

or continuous. Continuous kilns offer constant and
simultaneous firing and cooling. Their exhaust gases

are used for drying purposes. Continuous kilns offer
improved flame control and higher energy efficiency over
intermittent kilns, and they thus dominate the class of
technologies used in the red bricks sector (Heierli and
Maithel 2008). Heierli and Maithel (2008) additionally
show that within the continuous class of kilns, vertical
shaft brick kilns (VSBK) exhibit the least amount of energy
per unit mass of fired bricks. This is followed closely

by modern tunnel kilns and fixed chimney bull’s trench
kilns. In our analysis, we incorporate these three kiln
technologies for red bricks manufacturing.
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In terms of other literature, Felea et al. (2021) perform

an energy audit on a brick manufacturing unit that uses

a tunnel kiln process, and they found that optimizing

the load (the volume of bricks produced per day)

can substantially improve energy performance. The
relationship between the energy consumed and the load
is modeled as a concave function. The Shakti Sustainable
Energy Foundation (2012), meanwhile, also brings up
zigzag kilns, which are named because of a meandering
firing path. Abbas et al. (2021) assess the long-term impact
of switching processes in the brickmaking industry in
India, which is dominated by the energy-intensive fixed
chimney bull’s trench kiln, finding that switching to a

VSBK or zig-zag kiln can reduce fuel demand, and they
recommend adopting zig-zag kilns because of their
similarity in design and operations. We did not include
zig-zag kilns in our tool as the Saudi industry does not use
bull’s trench technology.

Previous quantitative studies for Saudi Arabia have

been conducted in the context of examining alternative
fuels and processes for the local cement sector (Matar
and Elshurafa 2017; Matar and Filali 2022), and these
studies, which raise projected energy prices, favor natural
gas use and either upgrading or rebuilding all of the
cement manufacturing lines with preheating and pre-
calcination. Cement manufacturing takes the costs and
unit characteristics from these studies. An industry expert
was interviewed during the development of the tool and
corroborated their estimates.

The process of making lime is like that of cement. The
European Lime Association (EuLA 2014) summarizes

the energy use of various kiln technologies to produce
quicklime, an intermediate product used to make lime.

In addition to conventional rotary kilns, a key technology
that we add in the tool for the lime kiln is the parallel
flow regenerative kiln. Finally, we rely on Venta, Glaser &
Associates (1997) to parameterize the calcination kettles
for making plasterboard.
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3. Methods and Data

We devise a tool to evaluate individual firms in multiple construction materials
sectors. The tool adopts a techno-economic approach, which in general
integrates various technical and economic analyses, including process
design, equipment sizing, capital and operational cost estimates, and cash-
flow analysis to determine the economic performance and cost-effectiveness
of technologies and processes (Chai et al. 2022). This study focuses on the
cost assessment part of the techno-economic analysis by estimating the
incremental costs of various processes using alternative fuels compared to a
company’s current operations. These incremental costs represent the cost of

switching to alternative fuels.

Companies within these sectors are characterized

by manufacturing processes, for which we focus on
energy intensive production units. In the tool, we assess
numerous alternative fuel and/or process options for any
one company, and then rank them from private and public
perspectives. For each option, the assessment considers
any capital costs, non-fuel variable and fixed operational
costs, and fuel costs for private and public stakeholders.
The ranking is performed by comparing the costs of the
alternative options to the costs of existing operations
using the 2024 domestic fuel prices. The tool may be
used to indirectly find the least-cost option(s) based on
those perspectives. It allows the user to view all options’
costs rather than that of the optimal solution only. The
approach is further detailed in the Appendix.

The sectors covered in our analysis are ceramic tiles,
red bricks, and float glass. Fuel options generally span
the following:

dry natural gas, or sales gas
compressed natural gas (CNG)
imported liquefied natural gas (iLNG)
domestically sourced LNG (dLNG)

liquefied petroleum gases (LPG)
butane

natural gasoline

Arabian Heavy crude oil (AHCO)
Arabian Light crude oil (ALCO)
diesel

kerosene

nnaphtha

petroleum coke

tire-derived fuel (TDF)
refuse-derived fuel (RDF)

fuel ol

In the tool, LNG may be imported through Yanbu (western
Saudi Arabia) or Ras Tanura (in eastern Saudi Arabia). It
may also be domestically sourced by liquefying domestic
natural gas supply. Estimated reference prices of the
fuels are shown in Figure 1. The domestic prices of LNG
imports or LPG are always estimated to equal reference
prices. The 2024 domestic prices for other fuels are
partially shown in Table 1. We consider the costs of
regassification at the port and delivering the fuel as dry
gas to the company.
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Figure 1. Reference prices of fuels used in our assessment from 2024 until 2050.
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Source: Authors.

Aside from the general description in the Appendix, our tool and their corresponding specific energy
several manufacturing processes in each sector use measures that we incorporate in the tool in
are considered. For those sectors, we evaluate Table 2. We define energy use in barrels of oil
and summarize the list of manufacturing units in equivalent (boe).

Table 2. Manufacturing processes by sector in the tool.

Process or unit Specific energy use (boe/metric ton)
Ceramic tiles Tunnel kiln for ceramics 0.665
Electric roller hearth kiln 0.461
Fuel-operated dryer 0.109
Float glass Regenerative furnace 1169
Recuperative furnace 1.308
Electric booster for a Reduces fuel use by 17%, and raises
regenerative furnace electricity use by 0.08 boe/metric ton
Oxy-fuel furnace 0.785
Fuel-operated lehr 0.067
Electric lehr 0.072
Red bricks Fixed chimney bull’s trench kiln 0.222
Vertical shaft brick kiln 0.136
Tunnel Kiln for red bricks 0.256

Source: European Commission (2007); Heierli and Maithel (2008); Worrell et al. (2008); Mezquita et al. (2014); Fadel et al. (2023).
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3.1 Ceramic Tiles

The ceramic tiles manufacturing process represented

in the tool is illustrated in Figure 2. We focus on two
energy intensive units: the kiln and the dryers. For the
kiln, we consider tunnel kilns and electrified kilns. For
drying, we only consider fuel-operated dryers and waste
heat recovery as process options. Recovering waste

Figure 2. Ceramics manufacturing process.

heat imposes no energy use but requires additional
investment to transfer the heat produced by the kiln.
Some of that heat would be lost in the heat exchanger
(Fakheri 2007; Monteiro, Cruz, and Moura 2022). All units
are characterized by their capital costs, non-fuel, and
non-raw material operational costs — such as labor and
maintenance costs, and the energy intensities presented
in Table 2. The units’ capital costs are annualized over a
design lifetime of 25 years.

Preparation of Spray drying to

Shaping and 3
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Raw | raw materials remove texcess molding Drying —l
materials moisture
Exhaust heat% Glgzing
———— [———------___________ (optional)
U
i . |
Ceramic Cooling Firing vs{lth |
products (in the kiln) preheating

U

2 | (up to 1150°C) ||
n I
|

These are the areas of focus:

Fuel-operated dryers need temperatures as low as 75°C,

and therefore could be replaced by the hot exhaust air

from the kiln. A heat exchanger is needed in this instance.
2. Two kiln technologies are considered:

a. Tunnel kilns

b. Electric roller hearth kiln

Source: Authors.

3.2 Float Glass

Our tool covers container and float glass products. We
thus opted to analyze a float glass company, and the
overall process flow for float glass is depicted in Figure 3.
After several raw materials are mixed, the prepared batch
is fed into a chamber in which it floats on a liquid tin

surface. Although pure electrification is currently difficult
at large production scales (Furszyfer Del Rio et al. 2022),
the float chamber may be equipped with electric boosters.
Electric boosting can shave off around 20% of energy
used by the float glass plant, and even more for container
glass plants. The other focus of a float glass plant is
annealing. The annealing unit, called the lehr, cools down
the intermediate glass product in a controlled manner.
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Figure 3. Float glass manufacturing process.

One area of focus. Here, only alternative fuels are
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Source: Authors.

After discussions with an industry expert, it transpires
that float glass plants have a shorter lifetime than other
sectors of about 18 years, and it was also determined

that production units are predominantly retrofitted only
for fuel burners. Otherwise, production units and lines
are almost always rebuilt. Worrell et al. (2008) also stress
temperature stability to minimize manufacturing defects
and increase yields. We deem that tire derived fuels (TDF)
and refuse derived fuels (RDF) are not suitable for this
sector, as they offer a less controllable flame.

3.3 Red Bricks

Red bricks are produced using the simplified schematic
illustrated in Figure 4. Whereas previous sectors consist

Figure 4. Manufacturing process for red bricks.

Clay Sand

L

A mixture of water,
clay, and sand is

—_ Water Molding to set

Y
. rocesses
One area of focus. In addition P

to alternative fuel supply, we
consider the electrification of
the Lehr.

of multiple units for which we consider alternatives,

we only focus on the kiln for red bricks. Three options
are considered for the kiln: a fixed chimney bull’s
trench kiln, a VSBK, and a tunnel kiln. As shown in
Table 2, the VSBK is the most energy efficient of the
three options. It is unclear in the literature if red bricks
kilns have electrified variants. For example, Heierli

and Maithel (2008), Shmidt (2013), Martinez-Gonzalez
and Jiménez-Islas (2014), Rahman and Kazi (2019), and
Yiksek, Oztas, and Tahtali (2020) all make no mention
of electric kilns for brickmaking. Yet, small electric
tunnel kilns are available, as seen on listings by Alibaba
(2024). We want to evaluate firms whose operation
qualifies as large-scale (i.e., 1,000 kg per day or more).
Therefore, we do not consider electrification of the kiln.

Heat recovery

A 4 I

Drying the Bricks are heated

prepared for shape of bricks

molding

Source: Authors.

for up to 48 hours >

Ided brick
e eoncks at up to 1300°C

Kiln

Area of focus, where three process options are considered:
1. Fixed chimney kilns
2. Vertical shaft brick kilns

3. Tunnel kilns
Some technologies exist for electrifying the kiln, but they are either
not mature or for low-volume production (<330 bricks/day).
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A unique factor that differentiates red bricks from ceramic in the kiln. For red bricks, we allow 30% of TDF and RDF to
tiles or float glass in our analysis is that TDF and RDF may be  be part of the fuel mix due to environmental limitation (Uson
used. Aside from the discussion on glass in the last section, et al. 2013). Taken from Worrell, Kermeli, and Galitsky (2013),
we do not prefer using these two fuels in the process of the cost of installing a system that feeds tires to the kiln is set
making ceramic tiles due to lower temperature requirements  at $1 per metric ton of bricks.
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4. Policy Scenarios

The two policy levers of interest deal with energy pricing and government
subsidy for private firms for their capital expenses. Historically, energy
prices in Saudi Arabia have been well below international market prices.

As referenced in Table 1, they were most recently adjusted in January 2024
(Aljazira Capital 2024). Two pathways for energy prices are considered. The
Relaxed pathway specifies that domestic energy prices reach the reference
prices shown in Figure 1 by 2050 in a linear fashion, and this is shown in
Figure 5. The Accelerated pathway brings forward the year for reaching
reference prices to 2030. Imported LNG prices are the same in both price
reform cases, and these prices are taken from the reference scenario of
Nexant's World Gas Model.

Moreover, investments in new production units may Subsidizing capital equipment is not without its

be financially untenable for small local companies that challenges. It would raise the costs for the Saudi

might not have the means to purchase new equipment. government, which is already anticipating rising fiscal

In this case, the government may choose to provide deficits in the coming few years (Ministry of Finance 2024).
subsidies for capital expenditures. The capital subsidies However, a capital subsidy that results in benefits that
entail shifting a portion of the firm’s investment cost to exceed the cost of implementation may be worthwhile.
the government. In our analysis, these subsidies are The benefits would come in the form of fuel savings.

only applied to new production units that are listed in In other words, there would be lower fuel subsidies in
Table 2. Switching fuel burners is relatively less costly, the form of lower forgone revenues, as discussed in

and may thus be shouldered by the private firms. The the Introduction.

associated fixed operational costs of the equipment are
not supported.
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Figure 5. Domestic energy prices in the relaxed energy pricing pathway.
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As summarized in Table 3, the consideration of these two 2. Relaxed energy price reforms with capital subsidy

policy levers allows us to define four scenarios as follows: (Relaxed-Support): This scenario keeps the same

pace of price reforms of the previous scenario,

1. Relaxed energy price reforms without public but it considers the government subsidizing
support (Relaxed-None): This scenario assumes that 50% of the total investment cost of switching to
the domestic prices of all fuels will reach reference alternative options.
prices by 2050, reflecting a relaxed implementation
of the price reforms. In this scenario, no public 3. Accelerated energy price reforms without public
investment support is assumed. support (Accelerated-None): This scenario

factors in more accelerated price reforms, where
domestic energy prices are set to reach reference
prices by 2030. No public investment support is
assumed.

Alternative Fuels and Processes for Saudi Construction Materials Companies
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Table 3. Policy scenarios applied to the three industrial sectors.

Scenario name

Year all fuels’ domestic prices

Public support for investments

reach reference levels

Relaxed energy price reforms
without public support
(Relaxed-None)

Relaxed energy price reforms
with capital subsidy

(Relaxed-Support)

Accelerated energy price reforms
without public support
(Accelerated-None)

Accelerated energy price
reforms with capital subsidy
(Accelerated-Support)

4.  Accelerated energy price reforms with capital
subsidy (Accelerated-Support): This scenario
assumes a combination of accelerated price
reforms and capital subsidies, marking a substantial
policy effort of the government to push for
alternative options.

2050 No capital subsidy
2050 Capital subsidy of 50%
2030 No capital subsidy
2030 Capital subsidy of 50%

The changes in costs compared to current operations
are then estimated in the four scenarios by considering
both private and public perspectives. For visualization
purposes, the annualized cost change is plotted along
two axes. Private cost changes are represented on the
vertical axis and their public counterparts are shown on
the horizontal axis. In addition to visualizing the changes
in the costs for the four scenarios, the top options will
be ranked.
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5. Results and

Discussion

The following sub-sections detail the findings for firms in the ceramic tiles,
float glass, and red bricks sectors. In general, the most favorable option for
the private firms and the government is to use natural gas with the existing
process. However, the government support scenarios can occasionally make
other manufacturing processes more attractive to the firm.

5.1 Ceramic Tiles

A company that is located in Yanbu is chosen as a case
study for the ceramic tiles sector. This company presently
uses mostly diesel, some natural gasoline, and electricity
to operate its equipment. The company discloses that

its capacity to produce ceramic tiles is 200,000 square
meters (m?) per year. We estimate, based on the resulting
energy intensity figures, that the plant uses a tunnel kiln
and a fuel-operated dryer. From here, we investigate

the cost implications of adopting different fuels and
manufacturing processes. Table 4 lists the operational
options we explore.

Using the options’ acronyms in Table 4, Figures 6

to 9 visualize the changes in costs for the company
as well as the government compared to the fuel use
and energy prices in 2024. Figures 6 and 7 show
the results if no capital support is provided and if
domestic energy prices are reformed. Figures 8 and
9 show the relaxed and accelerated energy price
reform results for a scenario where 50% of capital
costs are covered by the government. Figure 10 shows
the variations in cost changes between the various
scenarios considered.

All alternative options result in lower government costs
compared to the status quo for this firm. In general,
switching to natural gas and keeping the existing process

results in the highest cost savings for the firm. When the
fuel price scenarios are applied, firms are expected to
spend substantially more on fuels compared to the 2024
prices, especially if fuel use remains the same.

By switching the firm’s fuel use to domestically sourced
natural gas from the status quo and maintaining
manufacturing processes, the Saudi government is
expected to save $9 million in the Relaxed cases and
$9.8 million when prices are more rapidly raised. For

the same option, the company saves $4.2 million per
year in the Relaxed fuel price case. This is compared to
$3.7 million in the Accelerated cases. Both the Relaxed
and the Accelerated cases presume fuel prices are also
raised if current operations are kept. The domestic natural
gas option also yields close to the highest cost savings
from the government perspective. This option is generally
the most favorable when the interests of both the firm and
the government are considered.

The options that result in higher government savings are
those where the fuel’s domestic price equals its market
price (i.e. LNG imports). Importing LNG through Yanbu
saves the Saudi government $9.1 million per year in the
Relaxed case, which is a slightly higher saving than occurs
when using domestic natural gas. However, the costs

for the firm rise by $5 million dollars per year. As shown

in Figure 5, internationally sourced LNG has a higher
average price over the next 30 years than diesel and
natural gasoline.
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Table 4. List of operational options considered in the tool for ceramic tiles.

Operations options

Acronym

Current operation

Sales gas with existing process

Sales gas with electric roller hearth kiln and fuel-operated dryer

Sales gas with tunnel kiln for ceramics and waste heat recovery

CNG with existing process

CNG with electric roller hearth kiln and fuel-operated dryer

Electric roller hearth kiln and waste heat recovery

LNG imports via Yanbu with existing process

LNG imports via Yanbu with electric roller hearth kiln and fuel-operated dryer
LNG imports via Yanbu with tunnel kiln for ceramics and waste heat recovery
LPG with existing process

LPG with electric roller hearth kiln and fuel-operated dryer

LPG with tunnel kiln for ceramics and waste heat recovery

Domestic LNG supply with existing process

Domestic LNG with electric roller hearth kiln and fuel-operated dryer
Domestic LNG with tunnel kiln for ceramics and waste heat recovery

LNG imports via Ras Tanura with existing process

LNG imports via Ras Tanura with electric roller hearth kiln and fuel-operated dryer
LNG imports via Ras Tanura with tunnel kiln for ceramics and waste heat recovery
ALCO with existing process

Fuel oil with existing process

AHCO with existing process

Source: Authors.
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Change in company cost (million $/yr)
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Figure 6. Changes in a ceramics tiles company and government costs relative to existing operations in Relaxed-None.

Change in government cost (million $/yr)

Figure 7. Changes in a ceramics tiles company and government costs relative to existing operations in Accelerated-None.
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The only options that use domestically sourced natural
gas (CNG, LNG, and waste heat recovery) result in cost
savings for the private firm without public subsidy. Capital
subsidy lowers the costs of the firms but raises the

costs for the government for options with the alternative
process units. The most favorable option with capital
support is adopting natural gas and waste heat recovery.
This option increases the firm’s costs by $1.3 million per
year and raises the government costs by $2.1 million

per year compared to natural gas without changing the
manufacturing process. For this Yanbu-based ceramics
tiles company, the subsidy does not change the fact that
existing processes are still preferred for the private firm
and the government. Electrifying the hearth raises the
costs of the firm even with the capital subsidy provided.

Looking at the variations in cost changes in different
scenarios (Figure 10), it is possible to note that
repurposing the existing process to allow the

utilization of domestic natural gas (either sales gas, CNG,
or domestic LNG) enables cost savings in all scenarios
for both the company and the government. For these
solutions, accelerated price reforms will reduce the
company’s cost savings compared to the relaxed reform
(Relaxed-None) scenario by $500,000 a year while
increasing the government’s cost savings by more

than $700,000 annually. Since the company is making
significant cost savings by switching to natural gas, itis
not recommended for the government to grant capital
subsidies to it.

Figure 8. Changes in a ceramics tiles company and government costs relative to existing operations in Relaxed-Support.
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Figure 9. Changes in a ceramics tiles company and government costs relative to existing operations in Accelerated-Support.

Change in company cost (million $/yr)
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An alternative process based on electrifying the kiln
will substantially increase the company’s cost, adding
between $15 million to $17 million a year to the cost of
the current operations, and this cost is exacerbated in
the case of accelerated price reforms, which impose

more than $1 million of additional fuel expenses on the
company. Capital subsidies will be critical in reducing
the cost burdens in this situation. The government might
consider these subsidies under a policy supporting
electrification and emissions mitigation.
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Figure 10. Changes in a ceramics tiles company costs (top) and government costs (bottom) relative to existing operations

in all the scenarios (in million U.S. dollars per year).

HHMTIMYIHI0Y313

HHMMLOd

a4H439d1

d39d1

d37103n4

d30v

d30HY

HHMMLNADNIONT

A4HY3INAJINIONT

d3INAJINIONT

HHMMLLHdNIONT

A4HY31HdINIONT

d31LHdINIONT

HHMMLONINOA

d4HY3IONTNOA

d3ONTNOA

a4HY3ONO

d3ONO

HHMMLSVYOTVS

Q4HY3svOIvS

d3SVOIvS

20

15

o w0

—

(1eah Jad ¢ uoljiw) s1s0o Auedwo)

0” ! ” || |

Ie)
|

-10 -

Electricity

Liquid fuels

Natural Gas

Accelerated-Support2

Relaxed-Support ™ Accelerated-None2

H Relaxed-None

HHMIMVYIHI0H3T13

HHMM1Od1

a4HY39d1

d39d1

d31103and

d307v

d30HY

HHMMLNAWNIONT

Q4HY3INAJWIONT

d3INAINIONT

HHMMLLHdWIONT

Q4HY3LHdNIONT

d314dNIONT

HHMMLONTNOA

Ad4H43ONINOa

d3IONTNOa

Q4HY3ONO

d3IONO

HHMMLSYOTVS

a4HY3SvOIvS

d3svoIvs

T
() —

Toor v 9

-1 4
—-11 4

(4eah sad $ uol||IW) SISOO JUBWIUIBAOY)

Electricity

Liquid fuels

Natural Gas

Source: Model results.

22

Alternative Fuels and Processes for Saudi Construction Materials Companies



Figure 11 focuses on the change in government costs by
adopting sales gas with the existing process. By using
diesel and natural gasoline, the firm imposes a current
cost for the government of $10 million a year. Naturally, an

O

accelerated fuel price adjustment results in the highest
cost savings for the government for sales gas substitution
compared to a relaxed adjustment.

Figure 11. Government costs for the assessed ceramic tiles company in the relaxed and accelerated cases.
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Source: Authors.

We must use the same reference case when comparing
the accelerated and relaxed price reforms. If fuel prices in
the Relaxed cases were applied to current fuel use and fuel
switching to only sales gas, we would observe $3.5 million
lower costs per year for the government. If fuel prices in the
Accelerated cases were applied to both options instead,
the cost savings would be smaller at $0.9 million dollars per
year. The fuel cost savings in the accelerated cases would
be lower, but the initial condition in each case is different.

5.2 Float Glass

We input current operational data for a company located
in Jubail, an industrial city in eastern Saudi Arabia. Its
existing process is a regenerative furnace and a fuel-
operated lehr. The production capacity is disclosed as
146,000 metric tons of glass per year. About half of the
company’s fuel use is natural gas while the other is diesel.
A key differentiator for float glass is that we have two
production units that may be substituted, in addition to
the multitude of fuel options. Table 5 lists the options that
we consider in the tool for the sector. There are options
that only substitute the fuels, some that only change the
furnace, and others that also electrify the lehr.
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Table 5. List of operational options considered in the tool for float glass.

Operations options Acronym

Current operation

Sales gas with existing process

Sales gas with oxy-fuel furnace and fuel-operated lehr

Sales gas with oxy-fuel furnace and electric lehr

CNG with existing process

CNG with oxy-fuel furnace and fuel-operated lehr

CNG with oxy-fuel furnace and electric lehr

LNG imports via Yanbu with existing process

LNG imports via Yanbu with oxy-fuel furnace and fuel-operated lehr

LNG imports via Yanbu with oxy-fuel furnace and electric lehr

LPG with existing process

LPG with oxy-fuel furnace and fuel-operated lehr

LPG with oxy-fuel furnace and electric lehr

Domestic LNG supply with existing process

Domestic LNG with oxy-fuel furnace and fuel-operated lehr

Domestic LNG with oxy-fuel furnace and electric lehr

LNG imports via Ras Tanura with existing process

LNG imports via Ras Tanura with oxy-fuel furnace and fuel-operated lehr
LNG imports via Ras Tanura with oxy-fuel furnace and electric lehr

Sales gas with electric boosting in regenerative furnace and fuel-operated lehr
LPG with electric boosting in regenerative furnace and fuel-operated lehr
Fuel oil with electric boosting in regenerative furnace and fuel-operated lehr

ALCO with existing process

Source: Authors.
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Figures 12 to 15 illustrate the cost changes to the reaching $3.6 million dollars per year. This is followed by
private float glass firm and the government for the the existing process coupled with CNG and domestically
four policy scenarios. Complementing the figures, the sourced LNG. The fourth best option is sales gas with

top four options from the company or the government electric boosters installed on a re-built regenerative
perspectives are summarized in Table 6. If no capital furnace.

subsidy is provided, dry natural gas with the existing

process is the preferred option for both stakeholders. Installing and operating an electric lehr is more expensive
This option allows the firm to realize $3.9 million dollars for the company than using the existing fuel-operated

per year in savings compared to the current operation lehr. Without the capital subsidy, the electric lehr is

when the energy price reform path is relaxed. The savings ~ $2.2 million per year more expensive than maintaining the
slightly differ when the price reform path is accelerated, fuel-operated unit.

Table 6. Top four options in the float glass sector whether fuel prices gradually reach reference prices in 2023 or 2050.

Without capital subsidy With capital subsidy
Change in Own company Own company and Own company Own company and
costs for: government government
1 Sales gas with existing process Sales gas with oxy-fuel furnace and

fuel-operated lehr
2 CNG with existing process Sales gas with existing process

3 Domestic LNG supply with existing process CNG with oxy-fuel furnace and fuel-
operated lehr

4 Sales gas with electric boosting in regenerative CNG with existing process
furnace and fuel-operated lehr

Even with the higher operational costs related to sourcing However, the government would have higher costs than
oxygen gas, the 50% capital subsidy allows the firm to it could experience with the existing process due to
experience higher cost savings by using natural gas and the capital expense and insufficient fuel savings. In this
installing an oxy-fuel furnace with a fuel-operated lehr situation, the capital subsidy would not be recommended.
compared to the existing option. The firm’s cost savings are  Moreover, installing an electric lehr will significantly

$4.1 million a year in this case in the relaxed energy price increase the company’s cost even when using gas as an
reform case, surpassing that of natural gas substitution only.  alternative fuel. Electricity is substantially more expensive
Similar behavior is observed whether energy prices match in energy terms than domestically sourced natural gas.

reference prices in a relaxed or accelerated timeframe.
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Figure 12. Changes in a float glass company and government costs relative to existing operations in Relaxed-None.

Change in company cost (million $/yr)
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Figure 13. Changes in a float glass company and government costs relative to existing operations in Accelerated-None.

Change in company cost (million $/yr)
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Figure 14. Changes in a float glass company and government costs relative to existing operations in Relaxed-Support.
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Figure 15. Changes in a float glass company and government costs relative to existing operations in Accelerated-Support.

Change in company cost (million $/yr)
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As depicted in Figure 16, installing an electric lehr will
significantly increase the company’s cost even when
using gas as an alternative fuel. The electrification of the
lehr imposes additional costs that require some capital
support from the government to reduce its impact on the
company’s cost competitiveness.

O

Furthermore, using ALCO as an alternative fuel is
unsuitable for the government since it would add more
than $2 million a year compared to the current operations
in the case of relaxed price reforms.

Figure 16. Changes in a float glass company costs (top) and government costs (bottom) relative to existing operations in

all the scenarios (in million U.S. dollars per year).
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Figure 16. (continued)
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5.3 Red Bricks

We analyzed a red bricks company located in
Madinah, Saudi Arabia. Its production capacity is

1 million tons of bricks annually. A total of 84% of its
fuel use is fuel oil and the rest is diesel. The baseline

manufacturing process uses a tunnel kiln. Based on
the energy intensity of a tunnel kiln, we approximated
the company is producing at about half of its capacity.
Table 7 lists the options we assessed for any red brick
firm. In addition to a limited set of fuels, we assessed
the existing process and, if not already installed, a
VSBK.
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Table 7. List of operational options considered in the tool for red bricks.

Operations options Acronym

Current operation

Sales gas with existing process

Sales gas with vertical shaft brick kiln

CNG with existing process

CNG with vertical shaft brick kiln

LNG imports via Yanbu with existing process

LNG imports via Yanbu with vertical shaft brick kiln
Petroleum coke with existing process

Petroleum coke with vertical shaft brick kiln

30% tire-derived fuel with existing process (and fuel oil)
30% tire-derived fuel and vertical shaft brick kiln (and fuel oil)
AHCO with existing process

AHCO with vertical shaft brick kiln

ALCO with existing process

ALCO with vertical shaft brick kiln

LPG with existing process

LPG with vertical shaft brick kiln

Domestic LNG supply with existing process
Domestic LNG supply with vertical shaft brick kiln
30% RDF with existing process with fuel oil

30% RDF and vertical shaft brick kiln with fuel oil
LNG imports via Ras Tanura with existing process

LNG imports via Ras Tanura with vertical shaft brick kiln

Source: Authors.
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Figures 17 to 20 show the resulting cost changes for
the company itself and for the government. Figure 21
highlights these changes under various policy and
investment support scenarios. A key difference
between relaxed and accelerated price adjustments

is the placement of the crude oils with the existing
process options. In the Relaxed cases, those options
result in higher government costs compared to the
base case (see Figure 21). Conversely, they yield lower
costs when energy prices are more rapidly raised.

This happens because fuel oil is sold domestically at

a fraction of its reference price, causing a large fuel
subsidy. Crude oils are also so heavily subsidized that it
makes a large difference between the average 30-year-
ahead prices between the Relaxed and Accelerated
scenarios. For instance, the average price for Arabian
Light crude oil over the next 30 years is $55 per boe in
the relaxed scenarios, whereas it is $84 per boe in the
Accelerated ones. The difference between the status
quo with fuel oil and $55/boe or $84/boe causes this
interspersed placement.

The consideration of RDF as an alternative option in this
company for red bricks will drive a lower cost increase
compared to the utilization of liquid fuels. The government

can envisage these options as part of a strategy to
monetize waste, but a capital subsidy can be a relevant
option to reduce the company’s cost burdens.

Table 8 shows the best four options, as extracted from
Figures 17 to 20. Without capital support, sales gas
with the existing process is the sole option that lowers
the company’s costs. Capital subsidy brings alternate
manufacturing processes into the discussion. Sales
gas with VSBK takes the top spot for the company
itself with $ 0.2 million per year savings for the Relaxed
cases, but results in higher costs for the government
than a case without the capital subsidy. For instance,
government cost savings when natural gas with VSBK is
implemented amount to $2.2 million a year with capital
subsidy versus $2.6 million a year without the subsidy.
The capital subsidy would not make sense for this
process option.

As shown in Table 8, the accelerated path to energy price
reforms switches between the second- and third-best
options when capital subsidy is provided to the red bricks
company. This switch indicates that sales gas with the
existing process and CNG with VSBK exhibit similar cost
changes when the capital subsidy is offered.

Table 8. Top four options in the red bricks sector based on whether fuel prices gradually reach reference prices in 2023

or 2050.
Scenario: Without capital subsidy With capital subsidy
Change in Own company Own company and Own company Own Own company
costs for: (both energy price government (relaxed energy company and government
scenarios) (both energy price prices) (accelerated | (both energy price
scenarios) energy scenarios)
prices)
1 Sales gas with existing process Sales gas with vertical shaft Sales gas with
brick kiln existing process
2 Current operation CNG with existing CNG with Sales gas CNG with existing
process vertical shaft with existing process
brick kiln process
3 CNG with existing Sales gas with Sales gas with CNG with Sales gas with
process vertical shaft brick | existing process | vertical shaft | vertical shaft brick
kiln brick kiln kiln
4 Sales gas with CNG with vertical Current operation Domestic LNG
vertical shaft shaft brick kiln supply with
brick kiln existing process
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Figure 17. Changes in a red bricks company and government costs relative to existing operations in Relaxed-None.
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Figure 18. Changes in a red bricks company and government costs relative to existing operations in Accelerated-None.
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Figure 19. Changes in a red bricks company and government costs relative to existing operations in Relaxed-Support.
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Figure 20. Changes in a red bricks company and government costs relative to existing operations in Accelerated-Support.
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Figure 21. Changes in a red bricks company costs (top) and government costs (bottom) relative to existing operations in
all the scenarios (in million U.S. dollars per year).
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6. Conclusion

The construction materials sector is sizable in Saudi Arabia. Yet, little attention
has been paid to fuel use and manufacturing process options in this segment
locally. The manufacturing of construction materials will play a key role as
Saudi Arabia looks to improve the allocation efficiency of its resources

and reduce the fuel costs on the government. This paper fills a gap in the

literature about Saudi industry.

Specifically, firms in the ceramics tiles, float glass, and
red bricks sectors were examined. These sectors

were chosen because firms within them predominantly
use oil products. The cost changes for the firm and

the government by switching from liquid fuels and/or
manufacturing units were assessed using two policy
instruments: (1) the rate at which domestic energy prices
reach their market-level prices, and (2) the offer of capital
subsidy to firms. Energy price reform considerations saw
domestic prices gradually reaching some reference or

market-equivalent prices by 2030 or 2050. In the analysis,

half of the investment costs in more energy efficient
manufacturing units were covered by the government in
the event that a capital subsidy was provided.

To do this, a techno-economic tool that includes

those three sectors was developed and included as a
supplementary material. There are six other sectors in
the supplementary tool. These six are cement, cement
board, concrete blocks, plasterboard, lime, and container
glass. The changes in private and government costs
were estimated for broad sets of fuels and manufacturing
units. Then, the results were plotted and ranked from
best, or least costly, to worst for the firm and for the
government.

Without capital subsidy, sales gas with the existing
process was found to be the best option for both the
government and the private firm. This is the case whether
energy prices are reformed by 2030 (Accelerated) or
2050 (Relaxed) and for the three sectors. To elaborate,
the difference in government costs in both energy price
scenarios was found to be small. Domestic energy prices

that reach market prices in 2050 would save the Saudi
government $9 million per year, and such savings only
slightly increase to $9.8 million dollars per year if the
energy price reforms are completed by 2030. As another
example, the government saving for the float glass
company was $7.4 million per year in the Relaxed cases,
whereas it was $7.9 million per year in the Accelerated
cases. For the red bricks company, the government
savings would differ by only 2% between the Relaxed
and the Accelerated cases. Small cost differences were
also observed for private firms. It may behoove the
government to implement a more relaxed energy price
reform rather than pursue a more drastic approach.

In general, the capital subsidies assessed were not found
to be economically beneficial for both stakeholders. Even
when the subsidies lower the costs for the firms, any fuel
savings stemming from new manufacturing equipment
would be insufficient to recover the subsidy cost. For
instance, the analysis of the red bricks company shows
that while the capital subsidy induces higher cost savings
for the firm, government cost savings would fall from

$2.6 million a year without the subsidy to $2.2 million a
year with capital subsidy.

The analysis consists of companies that currently use oil
products that would benefit by switching to alternative
fuels. The government also benefits by lowering the use
of oil products for manufacturing construction materials.
The use of oil may be better directed at other activities in
the Saudi economy, the simplest of which is international
export. Other activities using oil may be in the form of
producing plastics or specialty chemicals.
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Endnotes

" Koplow (2009) discusses the price-gap method applied to energy products.

2 See https://www.gem.wiki/MGS_Ill_Gas_Pipelines.
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Appendix -

Overview

Tool

Our tool measures the net change in the annual costs of alternative energy
use and process options compared with current operations at domestic

fuel prices. In this way, we do not consider the costs that are the same in

all options and of which we have no knowledge. For instance, we do not
consider the costs of raw materials or shares of scraps that would be required
or unchanged in all scenarios. The objective of the tool is to balance the
additional costs or savings between a company, other companies in the

supply chain, and the government.

Fuel costs are distinguished by the company itself, the
government, and other companies that are part of the
fuels’ supply chains. The costs for the company itself
are the sum product of the fuels used and their prices.
The cost to the government is primarily taken as an
opportunity cost — in other words, the forgone revenues
that are associated with maintaining energy subsidies.
This cost is essentially the price gap between a reference
price and the domestic price multiplied by the quantity
of the fuel. In the scenarios that call for the government
to support private companies in their investment, we
add on those costs to the fuel costs. The costs of other
companies include operational and investment costs to
deliver fuel or electricity to the company.

A spreadsheet contains all the data on capital and
operational costs, and energy use and prices. The tool
allows the user to either input the domestic energy prices
in 2024 or energy price reform. The energy price reform
option allows the user to input any year between 2025
and 2050 that domestic prices reach reference prices.

Although Gasim and Matar (2023) show that the forgone
revenues associated with Saudi oil use should be based
on a reference price that is lower than the market price,
we consider reference prices that are projected as
market prices for simplicity. Reference price projections
are based on Enerdata for crude oil and diesel prices,
the KAPSARC Energy Model for marginal costs of other
refined oil products (KAPSARC 2016), estimated average
cost pricing for domestic natural gas, Nexant’s World
Gas Model for global LNG prices, and the U.S. Energy
Information Administration (EIA 2024) for LPG, the Saudi
Investment Recycling Company (SIRC 2023) for the cost of
RDF, and cost estimations based on the Saudi Electricity
Company (SEC 2019) for electricity.

For example, Figure Al shows the domestic prices of Arab
Light crude oil if the user inputs 2031 and 2040 as that
reference-price year. The input equation estimates energy
prices to rise linearly from 2024 to that end year. Domestic
prices equal reference prices after that year. Of course,
the user may enter custom energy prices.
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Figure A1. Domestic and reference price relationship example for an end year of 2031 and 2040.

2031 2040
120 1 120
100 ——nu 100 \
T
] - ]
38 80 80
&+
©
2
'8 60 - 60 -
a
=
2
o 40- 40 -
&
<<
20 20
0 /{ T T T T T I@ 0 /I\ T T T T T 6')
P N > © o) 12 P N > © ) Wz
v % O % $o) %) 3 3 (4 Q O O O %o} M )
S A I A S S S S
—— Reference Domestic
Source: Authors’ calculations in the tool.

Location is one input in the tool that can have significant
implications on some fuel options. The impact of

location is mostly felt when estimating the costs for other
companies, like those that supply energy. The incremental
investment cost to deliver gaseous fuels is differentiated
by location. In addition, the costs for transporting liquefied
or liquid fuels are highly location dependent.

Investments made in natural gas infrastructure may

be made to supply gas to firms that are analyzed.
Pipelines may be built in large capacities that serve

many customers. We are interested in the cost of the
infrastructure that can be attributed to a single customer.
For this, we convert the unit cost of pipelines in $ per

unit length per unit diameter to $ per unit length per

unit energy flow using the corresponding diameter size
and volumetric flow rate of capacity for MGS-3.2 MGS-3

is a new natural gas project being constructed in Saudi
Arabia. Required investment in electricity distribution lines
is also considered for other private firms. Investment costs
are obtained from the IEA (2014).

Annual costs involve annualizing the capital costs of
process units. This makes the capital and operational
costs comparable when combined. Alternative process
options that replace the existing process must also
consider the residual value of the existing process. If
some equipment is to be replaced, its remaining life may
still hold value to the company. The residual value of the
existing process is added to the change in company costs
for the alternative options. The procedure entails inputting
when the equipment was installed. Then, we scale the
annualized capital costs of the existing process by how
many years it has left in its design life. The residual value
is highest if the equipment was recently installed and
declines the longer it has been in service. If the existing
units are past their design life or there is no information
about the units’ installation time, their residual value is O.

New investment proposals by companies are examined in
the same framework. The proposed process is considered
as the “existing process.” A year equal to the present
year or later is input as the year of installation — only in
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this case, the full annualized capital cost of the proposed
process is subtracted from that of alternative options.

We have a separate sheet for each sub-sector. Each sheet
consists of sections for inputs, calculations, and outputs.
The inputs are:

Quantities of fuels used by the facility for process heat
or electricity generation purposes annually in barrels of
oil equivalent (boe annually).
Quantity of electricity purchased from the grid annually
in megawatt-hours (MWh annually).
Process(es) currently installed in the facility.
Production capacity by finished product in the facility in
metric tons (tons annually).
Actual production of finished product at the facility in
metric tons (tons annually).

- Approximate location of the facility.

«  Year of commencing operations, if known.

Finally, the top four options for each sector from

three different perspectives are tabulated: the own-
company costs, total private costs (own-company plus
other companies), and combined government and
own-company costs. The first two perspectives take

a straightforward approach where the summed costs
are ranked from lowest (best) to highest (worst). For

ranking the options based on combined company and
government costs, however, we adopt an approach that
considers both the direction and the magnitude of the
cost changes. We first stipulate that any alternative option
that maximizes cost savings for both the company and the
government equally is desired. It would therefore lie on an
axis that is 45 degrees between the negative horizontal
and negative vertical axes in the graphs embedded in

the sectors’ sheets. This axis is our reference, where a
point that lies on it is given maximum value. The greater

a point’s direction deviates from the reference axis, the
lower its value. By taking this value for direction and the
distance of the point from the origin, we rank the options
using the highest values of Equation Al, and the product
in Equation Alranges from-1to 1:

e 2(9—9max)_1 (M-m,,) .
_0 Mmax_Mmin

max

where:

R = overall ranking of options between —1and 1

6 = angle of point relative to the reference axis

M = magnitude of the point relative to the origin
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