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Abstract

In recent decades, many government administrations have tracked energy efficiency pro-
grams (EEPs) against environmental concerns. This was done so that it could potentially
be useful as a supportive mechanism for smart technologies applied under the smart city
concept. To facilitate this, tradable white certificates (TWCs) have been implemented as
popular financial instruments used by energy-intensive sectors to boost cleaner produc-
tion. In this study, we address an industrial EEP development with a TWC instrument as
a multi-agent problem. We study this problem for the first time in the context of a supply
chain that includes a manufacturer, an energy producer, and household energy consum-
ers. Furthermore, we explore a new monopolistic pricing model for energy services and
energy-efficient products, regarding the rebound effect, energy consumption, and social
welfare. Additionally, we discuss two revenue-cost-sharing contracts and compare them as
contracts using a comprehensive parametric and experimental analysis. The results show
that the second proposed contract has some advantages over the first one. However, the
second contract leads to less production than the first one does, while at the same time
leading to less social welfare. Also, the findings suggest that the second investigated con-
tract is a more appropriate instrument for the obligated parties than the first one when the
aim is to improve the performance of TWC schemes. These findings can provide better
circumstances for governance to optimize the critical parameters’ level on TWC schemes
with the lowest analytical cost.
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Abbreviations

GHG Greenhouse gas

EEP  Energy efficiency program
TWC Tradable white certificate
CSR  Corporate social responsibility
CS Consumer surplus

ES Energy-saving value

SCR  Supply chain revenue

List of symbols

s Index of energy supplier

m Index of producer

S Stackelberg equilibrium

1 The first contract

11 The second contract

a The potential market base of the product (product)

p The energy cross-price elasticity (1/$)

n The conversion coefficient of energy demand to appliance demand defined as

0 < 5 < 1 (product/MWh)
Ton The production cost of the home appliance ($)
The energy generation and associated costs ($)
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e The product’s energy use before energy efficiency enhancement (MWh)

e, The input energy of the production process before energy efficiency improvements
(MWh)

€y The miscellaneous energy consumption of household end-users (Except the
energy consumption of energy-consuming products) (MWh)

u The environmental worth of primary energy recourses ($/MWh)

h The energy efficiency investment on the production process per energy efficiency
unit ($)

r The household energy rebound of efficiency enhancement (0 < r)

T, The industrial rebound of energy efficiency enhancement (0 < r,)

0, The relative efficiency improvement rate of the production process (0 < 6, < 1)
t, The manufacturer’s revenue share from TWC benefits (0 < ¢, < 1)

d The manufacturer’s cost share of energy price deduction (0 < d < 1)

. The manufacturer’s cost share of energy efficiency investment (0 < 7. < 1)

Vo The estimated financial value (or reference price) of a TWC per efficiency rate in
the spot market (Regardless of the amount of energy-savings) ($/MWh)

1) The efficiency level of the product (0 < 6 < 1)

The production volume of energy-efficient products before efficiency improve-
ments (product unit)

9 The production volume of energy-efficient products by other manufacturers (prod-
uct unit)

D The industrial energy price ($/MWh)

P The household energy price ($/MWh)

p The selling price of the appliance ($)

v, The estimated financial value of a TWC in an energy efficiency market ($/MWh)

erm The energy consumption of the manufacturer (MWh)

er The energy consumption of end-users (MWh)

qr The number of produced efficient appliances after efficiency improvements
(product)

T, The profit function of the energy producer ($)

The manufacturer’s profit function ($)

1 Introduction

Given rising concerns about the environment among government officials, sustainabil-
ity measures have gained traction in industrial firms in recent years (Balsalobre-Lorente
et al., 2023; Ezbakhe & Pérez-Foguet, 2020; Gunnarsdottir et al., 2022; Zhou & Huang,
2016). For example, the European Union has considered an energy efficiency target for
energy-intensive sectors—a target that reduces these sectors’ energy consumption by about
30—35% by 2030 (Fawcett et al., 2019). Due to the growth of energy consumption and the
limitations of energy resources, however, energy management in energy-heavy sectors is
falling short of meeting sustainability goals (Unal et al., 2022). Therefore, energy sectors
such as electricity and natural gas—41.6% and 37.4% of the world’s total energy consump-
tion, respectively—have a greater incentive to be efficient by adopting new energy-efficient
equipment or processes (Xu et al., 2022).

On the one hand, recently, there has been a remarkable interest in smart technologies
that can be used in cities (Ejaz et al., 2017; Lauri, 2021; Mattoni et al., 2017). So many
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countries are trying to promote policies related to the smart city concept and the projects
that can facilitate this trend. Developing countries such as India and China are schedul-
ing to invest in these types of projects. On this matter, almost 70% of the mentioned pro-
jects are defined in the safety, energy, and transport sectors (CHOI et al., 2020; Ejaz et al.,
2017).

On the other hand, energy production from renewable and non-renewable resources
around the world has been increasing significantly in recent decades. Therefore, the growth
of energy consumption can be seen, as well as the growth of energy production. Green-
house gas (GHG) emissions are currently produced mainly by energy-consuming sectors
such as households and energy production industries (Bertoldi, 2010; Jiakui et al., 2023).
Given this, governments have been adopting energy efficiency programs (EEPs), such as
replacement programs and energy price reforms in industrial, commercial, and household
sectors, to improve energy productivity in these sectors (Monstvilas et al., 2023). In keep-
ing with this, industrial EEPs address production processes, known to be the most energy-
intensive processes. The ammonia (Manrique et al., 2018), iron and steel (Chen et al.,
2018), and metal casting industries (Carabali et al., 2018) are some examples of industries
that can benefit most from new efficient technologies and methods embedded in indus-
trial EEPs. In these programs, energy efficiency instruments have been adopted already by
governments and eco-friendly organizations to control the described circumstances appro-
priately (Sueyoshi et al., 2019). Some financial and non-financial policies that usually are
applied in these programs include energy price reforms, tax subsidy systems, rebate pro-
grams, energy education, and energy-labeling schemes (Gill & Lang, 2018). These policies
could help the governance to tackle the mentioned challenges in a relatively short-term
horizon.

The main aim of the present study is to examine EEP for the industrial and residen-
tial sectors, to improve the energy-saving performance of efficient appliances and pro-
duction processes that can be used in smart cities. It may lead to behavioral changes in
end-users via increased social welfare. This EEP would consist of a product manufacturer
and an energy producer so that they could coordinate a tradable white certificates (TWC)
scheme. Furthermore, considering the benefits of TWC schemes for energy suppliers and
the energy-saving investment in innovation for manufacturers, two contracts are proposed
to be shared between themselves. This strategy can, as an incentive policy, motivate manu-
facturers to use more efficient facilities under TWC schemes. This study also investigates
the individual and mutual effects of some common incentive mechanisms, to improve the
economic aspect of sustainable development through TWC schemes. Additionally, govern-
ment intervention is addressed under the proposed contracts.

Hence, we pose the research questions in this work as follows:

(i) To what degree does a TWC scheme affect the decision-making of energy policy-
makers of a smart city and the strategic management of an appliance supply chain?
(i) Which one of the supply chain contracts leads to more energy savings and emissions
reduction under the TWC scheme?
(iii)) How much can rebound effects impact the equilibrium decisions and the agents’
profits in this problem?
(iv) How can the energy producer and the product manufacturer share their TWC
scheme’s costs and benefits, to maximize their utilities under the proposed contracts?
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To discuss the above questions, a novel game model is proposed, considering a Stack-
elberg game between the supply chain members. The game theory approach helps the
researchers formulate multi-agent problems with dependent strategic decisions such as
those we face here. More precisely, due to the sequential decision-making nature of the
problem, a leader—follower structure is discussed under two revenue-cost-sharing contracts
between the energy supplier and product manufacturer. These contracts investigated in
combination with a TWC scheme, are formulated as a traditional two-stage supply chain
model with a novel linear demand function. However, to simplify the formulation process,
we suppose no explicit cost recovery, as in similar implemented schemes.

Additionally, a thorough comparative analysis is performed, as well as an investigation
of social welfare, which can be considered as the policymakers’ utility function. Note that
the investigation of rebound effects in this study further focuses on industrial energy sav-
ings, in particular indirect rebound effects, because the scheme of TWCs is neutral to the
direct rebound effect. Finally, the following items are the research contributions of this
work:

e A simultaneous pricing, revenue, and cost-sharing mechanism for energy services and
energy-efficient products is discussed, taking into account three objectives for the gov-
ernment.

e The market mechanism of a TWC scheme is formulated for the first time as a multi-
agent problem using a game-theoretic model.

¢ A multi-item social welfare index is investigated, to compare the proposed revenue-
cost-sharing contracts from the governance perspective.

e The effect of industrial and household energy rebound on energy conservation and
players’ profits is discussed in a monopolistic game environment on smart technologies.

The rest of the present study is structured as follows. The two following subsections
illustrate research gaps and the motivation for this study in detail. The methodology of the
problem is described in Sect. 3 under the two investigated contracts. In Sect. 4, we discuss
managerial points, based on the analytical and numerical sensitivity analysis. Section 5
presents important discussions. The last section explains conclusions and future research.

2 Literature review

In the last decade, some new instruments, such as carbon credits or white certificates,
have been used to protect the environment and develop energy markets in association
with energy-intensive sectors (Abbas et al., 2023a; An et al., 2022; Le Cadre et al., 2020;
Mousavian et al., 2020; Stede, 2017). These financial instruments include soft measures,
such as voluntary changes, and hard measures such as technological improvements in the
behavior of end-users, through a validation process of white certificates (Bertoldi & Rez-
essy, 2008). Tradable white certificates (TWCs), introduced as “market-based instruments”
for encouraging energy efficiency among energy-intensive consumers, have been a popular
policy measure (Oikonomou et al., 2009).

The implementation of TWCs led to more energy efficiency and social acceptabil-
ity and enhanced the environmental incentive marketplace. Their implementation also
reduced GHG emissions as a consequence of using high-performance technologies (Ceg-
lia et al., 2023; Chlond et al., 2023; Meng et al. 2023; Micah et al., 2023). Ceglia et al.
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(2023) described the analysis of a case study investigating two micro combined-heat-and-
power (micro-CHP) units installed in southern Italy under white certificate (WC) schemes.
The findings confirm the growth of WCs, considering three different scenarios based on
the level of timing accuracy. Chlond et al. (2023) assessed the effectiveness of four dif-
ferent support programs implemented in France to enhance residential energy efficiency.
These programs include the income tax credit, a grant initiative, a reduction in value-added
tax, and the utilization of WCs. The WCs offer the most cost-effective method for obtain-
ing funding through programs aimed at reducing energy expenses.

In an integration between market mechanism and obligation, these certificates are given
to the obligated parties (e.g., energy suppliers and distributors) in energy-saving projects
for a specific efficiency target by overall governance.! The obligated parties also can ben-
efit from the energy savings in the form of a tradable proof, or they can sell their credits to
other parties, bilaterally or on a spot market.> Also, there usually is a cost recovery mecha-
nism in the tariffs, which allows the energy supplier to recover the implementation costs of
energy efficiency projects (Abbas et al., 2024; Bertoldi et al., 2010; Caragliu, 2021). These
mechanisms compensate a portion of the cost incurred by direct investment in the involved
energy-intensive sectors (e.g., industrial and residential sectors). Incentive policies such as
cost capitalization, performance bonuses, and shared savings can also motivate end-users
to take part in the energy efficiency process.

In particular, white certificates could reduce about 2% of primary energy consumption
by energy-heavy sectors, including natural gas and electricity production in Italian indus-
trial sectors (Morganti & Garofalo, 2022; Rosenow et al., 2020; Stede, 2017), as well as
1.3 TWh of initial energy consumption in French industrial firms (Bertoldi et al., 2010). A
green certificate scheme for large suppliers of gas and electricity in Italy was also discussed
in detail (Argun et al., 2021; Stede, 2017). The imperial results denote improvements in the
economic environment of energy efficiency policies—improvements such as rising social
awareness and the push to cover the costs of technological improvements. Macchiaroli
et al. (2021) investigated the TWC schemes, to cut down on energy use. In this study, it has
been observed that not many integrated water service-related projects have been submitted
for the issuance of TWCs thus far. The findings also demonstrate how TWC schemes affect
the long-term financial viability of water sector investments.

Another alternative that can help obligated parties reduce their energy efficiency costs
is the coordination contract with other supply chain members. For example, a revenue-
cost-sharing contract from an energy supplier or distributor can be proposed, to convince
end-users (e.g., product manufacturers) to consume less energy, along the lines of a “top-
down” mandate that would be more efficient and effective to implement than a decentral-
ize decision-making would be. This type of contract also may provide suitable conditions,
to meet other goals (e.g., increasing the net profit of decision-makers and GDP) follow-
ing an increase in the production of energy-intensive appliances (Xu & Wang, 2017). In
this respect, some scientific works addressed the revenue-cost contract in supply chains
(Yu et al., 2020). For example, Li et al. (2021) took into account a supply chain with one

! The role of obligated parties in energy-saving projects can be equated with an employer or a contractor
doing projects themselves.

2 There are some components in each TWC scheme, such as obligated parties, target features (e.g., individ-
ual targets and their metrics), eligible measures, eligible third parties (e.g., brokers or contractors), incen-
tive policies, and cost recovery and penalty mechanisms that distinguish one program from the another.
In this study, the common components of TWC schemes are considered the parameters within which to
discuss a general framework of the policy instrument.
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supplier and one retailer, investing in item-level RFID while taking their respective stocks
and demand into account. The primary goal of the study was to create an efficient method
that, by applying item-level RFID, optimizes the revenues of both participants and the
whole supply chain, given that the supplier may be reluctant to use RFID. The outcomes
demonstrate that for supply chain coordination, the revenue-cost-sharing contract works far
better than the wholesale-price contract.

Furthermore, in the past decade, energy-efficient products with the lowest possible
energy consumption footprint, called “energy-efficient products” (e.g., energy-efficient
home appliances) have been developed for energy-intensive sectors. Therefore, some EEPs
support the products mentioned above, using incentive policies, such as energy labeling
(Park, 2017) and subsidy programs (Wang et al., 2017). For example, in order to support
government decision-making on policy and conformity assessment alternatives for the
implementation of proposed energy-efficient lighting standards in the Caribbean Island
country of Antigua and Barbuda, Shah (2018) addressed a regulatory effect assessment.
Based on primary data collected from an expert panel, the technique included a multi-crite-
ria evaluation approach along with a perceptual cost-effectiveness assessment. The study’s
conclusions point to a possible course of action that would involve a phased approach to a
legal need for energy-efficient lighting products. This would involve a voluntary incentive
policy combined with consumer market intervention, such as product subsidies combined
with product exchange programs. Kumar et al. (2021) discussed a carbon-cum-energy effi-
cient production method for South Asia’s varied agroecosystem. According to the findings,
compared to the rice-wheat system, the millet-based system uses 84% less energy and has
an 87% smaller carbon footprint. Additionally, the energy ratio in the millet-based system
reduces carbon intake by 172% while increasing production by 61%. While the implemen-
tation of EEPs may result in energy savings, their implementation also may be offset par-
tially or completely by rebound effects (Zhou et al., 2018).

As implied by its name, “rebound effects” refer to behavioral factors in consum-
ers that offset technological or managerial improvements in energy efficiency. This hap-
pens because of a decrease in the breakpoint price of the measures undertaken after they
have improved the efficiency of a product or process. Rebound effects can be investigated
according to where new energy-efficiency technologies are used, such as in the projects we
can see in EEPs, i.e., on the consumer or producer side (Rasti-Barzoki & Moon, 2020; Sor-
rell, 2007). Regarding this phenomenon, however, industrial rebound effects result in more
energy consumption than do energy rebound effects in the residential sphere, but in turn,
this may lead to more production capacity, GDP, and social welfare (Zhang & Peng, 2017).
On the other hand, there are misguided policies that address rebound effects that should
be distinguished from correct policies (Ruzzenenti & Bertoldi, 2017). Therefore, it can be
said that there is a significant concern over the impact of rebound effects on energy con-
sumption. Hence, in this study, we consider rebound effects after efficiency improvements
have been made on typical energy-efficient products and processes simultaneously.

From the modeling perspective, sustainable supply chain management has been stud-
ied using various mathematical methods (Baptista et al., 2019; Ghadimi et al., 2018). For
example, Raj et al. (2018) formulated a supply chain regarding corporate social responsi-
bility (CSR) assumption under five various contracts. The results show that establishing
a coordination contract between a buyer and a supplier is the most effective way to go,
vis-a-vis CSR measures. Furthermore, some works addressed social welfare under different
mathematical forms (Hafezalkotob, 2017). Some papers also applied game theory to solve
similar problems (Fathi et al., 2023; Oliveira et al., 2019; Zhang et al., 2023). Hafezalko-
tob (2017) explored the government intervention policy in two sustainable supply chains,
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comprising a retailer and a manufacturer. The results indicate the advantage of coopera-
tion-based structures to maximize energy savings. In another work, Hafezalkotob (2018)
investigated six different policies that can help the government guide members of a sup-
ply chain through energy-saving processes. The results denote the advantages of the pro-
posed policies, given their effects on environmental issues. As a result, these studies did
not mention a novel pricing mechanism for energy services and energy-efficient products
under a TWC scheme, nor did they consider social welfare or rebound effects. In other
words, according to the literature reviewed, there is no similar research investigating an
EEP in a sustainable supply chain, as we discuss in this study. Also, none of the reviewed
studies have designed a TWC scheme from the energy supplier’s side, using a multi-agent
formulation.
The research gaps recognized in this study can be summerized as follows:

e Lack of intensive mathematical works formulating the supply chain contracts that
can facilitate optimizing the mechanisms of energy markets (e.g., revenue-sharing
contracts in such mentioned problems).

e Little investigation of the role of TWC schemes on energy savings, GHG emissions
reduction, and social welfare obtained from electricity consumption using math-
ematical models.

e Absence of simultaneous consideration of the supply and demand side in the pro-
cess of improving efficiency by WC schemes in energy consumption and energy-
saving as a strategic multi-agent problem.

e Little discussion of the impact of the proven phenomenon such as rebound effects
on equilibrium decisions of the spot market players regarding energy-consumer
products.

3 Methodology
3.1 Problem statement

Suppose an appliance supply chain including a producer (denoted by m) and an energy
supplier (denoted by s) as the game players. Due to the financial benefits of trading the
green certificates in energy markets, the energy supplier offers a cooperation contract to
the manufacturer under a TWC scheme including hard measures. Based on the literature,
we assume that the scheme implies the enhancement of the efficiency of energy-intensive
processes and products (Abbas et al., 2023b; Shah et al., 2023a, 2023b). Note that in this
process, the delivery mechanism is determined via partnerships with manufacturers. On
this matter, the industry also does not earn a certificate by improving energy-saving in its
plants. Figure 1 shows the framework of the basic problem, in which a leader—follower
relationship is considered between the supplier and the manufacturer.

The related timeline of decision-making, showing the sequence of the players’ deci-
sions, is presented in Fig. 2.
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Fig.2 Timeline of decision sequences

3.2 Prerequisites and assumptions
The assumptions, which are used in this problem, are as follows.

Assumption 1 Due to the investigation of different contracts, monopolistic competition is
considered instead of a duopoly between the manufacturers.

Assumption 2 We suppose a possible rate for the efficiency enhancement of the energy-
efficient appliance (6) and the process (5,) made by an R&D group using the most cutting-
edge technology.

Assumption 3 Non-negative parameters and decision variables, as well as mathematical
functions, are discussed for the supply chain players.
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As we can see in similar studies (Jafari et al., 2017), the manufacturer and the energy
supplier enter the game when they expect a non-negative profit value.

Assumption 4 A quadratic mathematical relation is extended for the energy-saving cost of
the manufacturer.

Usually, energy-saving costs cover a broad range of efficiency improvement efforts. In
particular, these costs refer to the energy efficiency investments that utilize R&D resources.
So, a quadratic mathematical function (h(5% + 6;)) is considered for energy-saving costs,
because measures to enhance efficiency performance are increasingly costly (Dai et al.,
2017).

3.3 Problem formulation

We describe two contracts (denoted by RC I and RC II) for the problem, which can help the
energy supplier implement a TWC scheme. In each contract, the energy producer and the
manufacturer, as the follower, agree on a revenue-cost-sharing contract that includes a cost
share and a revenue share part. Before we explain the formulation of the contracts, some
required mathematical functions on retail prices, values of TWC, and energy demand are
presented below.

3.3.1 The selling price of the appliance

We define the selling price of the appliance (p), based on a monopolistic game between the
energy producer and appliance manufacturer, using a strategic game with perfect informa-
tion that has been formulated under a leader—follower structure. Therefore, the proposed
linear inverse demand function can be mentioned using the Cournot model as follows (Xue
et al., 2017).

p=d —qr—7rq (1)

where in Eq. (1), the total production (g;) can reduce the retailer price, considering the
related market base (a) and the effect of other manufacturers production (yq,) on the pri-
mary production volume, ¢.> Additionally, due to the indirect rebound effects of industrial
energy use (r,), the following equation calculates as g5 (Eq. (2)).

r,0,e r,0
gr=ql 14+ 227 =q<1+1p_g> )
(l_ép)ep P

where we suppose the partial indirect rebound effect (r,,6,¢,) completely assigns to more
production of goods or their requirement, based on the energy consumption process (e,,).
Note that, because lr’i—(;’ > 0, we have g; > ¢ in our game model.

1

3 We consider @ = af — yq, in our calculations, due to the same effect of these parameters on the results.
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3.3.2 Financial value of TWC

Considering the transaction costs of TWC schemes, the energy supplier needs to provide
financial resources for the scheme, which can be satisfied with the trade options of the white
certificate (Mundaca, 2007). Therefore, in Eq. (3), we propose a mathematical relationship
for the financial estimation of a TWC in the energy efficiency market, (v,), for the first time,
according to the white certificate literature (Sorrell et al., 2009).

v, = yyoe 3)

where an efficiency-dependent linear function is considered for the estimated financial
value of a TWC in an energy efficiency market i.e., v,, considering the efficiency level of
the product, (6), and the initial consumption of the industrial energy services, (¢), multi-
plied in the basic financial value of TWC per energy unit (v;).

3.3.3 Energy demand functions of industrial and household sectors

According to the literature (Ghosh & Shah, 2012), we consider two novel demand functions
for industrial and residential energy consumption in Eqgs. (4) and (5), respectively.

€Trm = (1 - 6‘0)€qu (4)

e = [(1 — (1 — r)é)eqT + 60] - ﬂpc (5)

where industrial energy demand (e;,,) is calculated according to the product quantity of the
manufacturer, after the implementation of a TWC. Furthermore, we calculate residential
energy demand as (eq,), using the market base and the impact of the retail price of residen-
tial energy consumption, (p,) and its energy cross-price elasticity (f), on energy demand.

3.3.4 Revenue-cost-sharing contract | (RCI)

Similar to the coordination contracts used in energy markets (Fan et al., 2019), suppose a
cooperation contract between the members of a supply chain with the producing cost of the
appliance and energy services as c, and c,, respectively. In this contract, the energy producer
offers a revenue-sharing proportion to the appliance producer (z,) regarding the financial
value of the certificate (v,), to promote energy efficiency efforts and gain more profit from
this process. The energy supplier also considers a deduction rate (denoted by d) for the energy
expenditure of the product producer, given by the retail price of industrial energy (p,,), multi-
plied by the industrial energy demand. Therefore, the following equations show the appliance
manufacturer’s and the supplier’s profits, respectively.

Cost—share

2 2
Tu=(p=c)ar+| 1y, —(-dpyep, |-h(8+5) ©)
——

Revenue—share
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Cost—share

—~ =
T, = (Pm - cs)eTm + (pc - cs)eTc + (l - tr)vt - dpmeTm (7)
——

Revenue—share

where the manufacturer sells its energy-efficient products and gives revenue-cost-
shares regarding production costs, energy efficiency investments, and energy costs
(Eq. 6). The profit function of the energy supplier (Eq. 7) also includes energy sales and
revenue-cost-shares.

The energy supplier and manufacturer want to maximize their profits. So, considering
the leader—follower structure of the mentioned problem, the mathematical model of the
game is mentioned in (Eq. 8):

maxxz; — maxr,,
Pty o.4r

T 7y > 0,6,q7, P, > 0

®)

Now, using the functions mentioned above and standard backward induction, the equi-
librium decisions of the game problem are presented in Theorem 1. Meanwhile, all the
proposition proofs are shown in the appendix.

Theorem 1 The equilibrium efficiency level, production volume, retail price, and sharing
proportion under the first contract are shown as follows in (Egs. 9—12%):

ety
55‘ — _r 0
o )
o epc(4h+voH) —Ac,h+ dha — c (4eh + evoH | + de,h(1 — 6,))
qr = 2 (10)
16h — H’

5 _ Hy(a —c,) —2ep,(4h + voH, ) + 2c,(4eh + eH v, + p.Hla — p. + 4e,h(1 + 5,))
" (8h+ Hy)(1—6,)(1 —d)e,

p
)

8hvye — 2h(pc - CS)HI (cp -—a— H5)
B (8h + Hy)ev,

Tt

12)

3.3.5 Revenue-cost-sharing contract Il (RCII)

We address another contract with the same assumptions as the first one but with a dif-
ferent revenue-cost-sharing structure. In this contract, the energy supplier contracts with
the manufacturer on the scheme’s revenue and related investment costs. Therefore, Eqs.

4 H\-Hy values are given in Appendix.
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(13) and (14) show the profit functions of the appliance producer and the energy pro-
ducer, respectively, under the second scenario.

Cost—share
Ty=P=c)ar+| v —(1 —h-)(h<52+5§) +Pmerm) (13)
——
Revenue—share
Cost—share
Ty = (pm - cs)eTm + (pc - c.v)eTc + (1 - tr)vr - tc<h(62 + 5p2> +pmeTm) (14)

—

Revenue—share

where there is a revenue share on the scheme’s benefits and a cost share on energy effi-
ciency investment and the industrial energy consumption for each player. Similar to the
first contract, the energy supplier and manufacturer want to maximize their profits. In this
regard, the equilibria of the decision variables are calculated according to the pre-described
model in Eq. (8).

Theorem 2 The equilibrium efficiency level, production volume, retail price, and sharing
proportion under the second contract are shown as follows in (Egs. 15-18):

et,v,

S= —_—
2h(1-1,)

s)

ep.(H, —voH ) + (H2 + 2h) (a - cp) + cy(evoH, — e,H,(1 —6,) — eH,)

= (8h — Hy) + 4(H, +2h) (10

B cp(Sh - H3) + 2(H2 + 2h) (cp + e(pc - cs) - a) +H, - 2656’sz(1 - 6p)
e,((Hy — 8h) — 4(H, +2h))(1 - 5,)2 — 1)

a7

S (apc + cp(cs —pc))(l - r)(l - tc) + Hg —szl (2 + tﬂ) 8
T (4vo(H, +2h) — (Hy — 8h))(2 —1,) (1%)

The following corollaries are provided to reveal the relationships between the
obtained results:

Proposition 1 The equilibrium energy efficiency rate in both contracts can be ordered as
. sS S H,
Jollows: 6;, > &;, where ¢, > e,

As we can see, due to including a cost share on energy efficiency investments, there
are more efforts to improve the efficiency level in the second contract than in the first
contract. However, this result could be valid for manufacturers, who have a relatively
energy-efficient process with a high production cost.
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Proposition 2 Considering the production level of the appliances in both contracts, we
16he(p,—c,)+(8h—H; )(e(p.—c, )t +(1+1,)a)
c,(16h+(8h—H, )1, )(1-5,)

1 /i
have g > q; where e, >

Proposition 2 shows that, if the manufacturer uses an energy-intensive process (e.g.,
with obsolete production facilities) to produce goods, industrial rebound effects increase
the quantity of the produced efficient appliances after the TWC scheme is applied. The
lower bound of the energy consumption level is calculated in this proposition.

Proposition 3 Considering the revenue-sharing parameter in both contracts, we have
ZJ < t” h " < 16he(pc—cx)+(Sh—H3)(e(pc—c‘v)t£+(1+l(,)zx)
r rowheree, c,(16h+(8h—H; )1, )(1-5,)

Proposition 3 shows that considering the obtained upper bound for the input energy of
the production process, the supplier should spend more share of certificate revenue to moti-
vate the manufacturer to engage in the energy efficiency scheme.

3.3.6 Social welfare index

In our study, we explored social welfare and how it improved after the successful imple-
mentation of a TWC scheme. However, we considered this factor as being related to the
policymaker’s utility function in environmental schemes. We explain the different items of
that function as follows.

The consumer surplus (CS)

Similar to related studies (Hafezalkotob, 2017; Sheu, 2011), we assume the total pro-
duction amount of energy-efficient products and energy demand as consumer surplus
described in Eq. (19).

1 1
CS= Y 507 = 5|47 +ntef + ¢3,)] (19)
The energy-saving value (ES)

We consider total energy savings as an environmental advantage that results in greater
social welfare, according to similar studies (Sheu, 2011; Sheu & Chen, 2012). Equa-
tion (20) shows the energy-saving formulation as a novel function obtained by the tech-
nology upgrades of the manufacturing process and resulting energy-efficient appliances,
respectively.

ES = [((1 - 5p)equ - epq) + [(1 - r)6e]qT]u (20)
The supply chain revenue (SCR)

The members of a supply chain earn income from selling their products and services.
Therefore, similar to findings in existing literature [for example, (Sheu & Chen, 2012)],
Eq. (21) shows the mathematical relation of supply chain revenue as follows.

SCR=n,+n, 1)
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Finally, considering Egs. (19-21), the following equation presents the social welfare
index (SW) (Eq. 22):

SW = CS + ES + SCR 22)

4 Results

Here, we examine the results of parametric and numerical analysis of the two considered
contracts.

4.1 Parametric analysis

We discuss some important parameters according to the analysis of the equilibrium deci-
sions as follows.

e . 7 .. . 32eh(p,—c,)
Proposition 4 Regarding the feasibility conditions, if c¢,>a+ === and

8h+H,
(8h—H;)a—8e(p.—c,)H,+8h(1—t,)a o or'! . oo .
cp > TR , then . > 0 and P > 0 respectively, under the investi

15
i
gated contracts.

According to Proposition 4, it can be deduced that the energy supplier only can com-
pensate the paid revenue share (to a manufacturer with a higher production cost than the
established thresholds) by increasing the selling price of household energy. Proposition 5
presents the mathematical relation between the manufacturer’s cost share and energy price
in RC I, as follows.

H;(c,—a)—8eh(p,—c. 8h—p?H?)a—H,
RO S U

and
2(p.—cy)eH, ’ 14 H,

Proposition 5 If a<

8eh(p.—c;)
L w<

&
h > é(pc - c_y)zHl2 we have % < O under the first proposed contract (RC I).

(8h-p2H})

A . -H .
Considering a costly manufacturing process (at least 7 %) and required energy-
3

efficiency investment (at least l(pv - cs)zle), the supplier does not increase d along with

pfn , if the market base and the estimated financial value of TWC are lower than 8ehp.—c,)

Hy(c,—a)-8eh(p.—c,)
2(p.—c,)eH,

the supplier does not provide additional support for the manufacturer.

3

and , respectively. These thresholds establish the financial conditions fhat

She(pc—cx)+(8h—H3)(a+e(p(.—cx))
¢,(16h—H;3)(1-6,)

ees oglt .
Proposition 6 We have % <0, ife, > under the second pro-

posed contract (RC II).

According to this proposition, if the manufacturer has an energy-intensive process
She(p(.—cs)+(8h—H3)(a+e(p‘,
¢,(16h—H;)(1-5,)
t. does not lead to more production. From a business point of view, this may be interesting
for the energy supplier, because we can see a trade-off between a cost-sharing proportion

and future household energy use made by energy-consuming products.

_C‘))), the increase in

before implementing a TWC scheme (i.e., e, >
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Table 1 Item-specific parameters (EU, 2010; Amazon.com, 2018; Ansuategi et al., 2014)

Item 1 Parameter Amount Ttem 2 Parameter Amount
Washing machine « 1,200 Refrigerator « 4,900
c, 798 ($) c, 4,200 ($)
e 0.023 (MWh/month) e 0.063 (MWh/month)
e, 1.1 (MWh) e, 1.9 (MWh)
h 90.0 ($) h 198 ($)

Table2 Common values of parameters (Blazquez et al., 2013; Gonzalez, 2010; IRENA, 2018)

Parameter Amount Parameter Amount Parameter Amount
p 0.25 n 0.30 €y 60 (MWh/month)
r 49% u 200 ($/MWh) P 190 ($/MWh)
", 10% 5, 0.04 I, 0.10
Vo 6,000 ($/MWh) ¢ 118 ($/MWh) d 0.05
P P S s 1 1 I 11 ;
Proposition 7 Considering oy > 67, qr > 97 then €rm > € if
16he(p,—c,)+(8h—H; )(e(p.—c, )t.+(1+t.)a)
P c,(16h+(8h—H, )1, )(1-5,)

Based on Proposition 7, the manufacturer with energy-intensive processes produces
more products, leading to more industrial energy use under RC I. Additionally, considering
this proposition and Proposition 3 together, we can say that increasing revenue share in a
product’s supply chain with an energy-intensive process can enhance energy saving in the
household sector more than in the industrial sector.

Due to the high mathematical complexity of each solution’s comparison, we examine
other energy policies using a comprehensive numerical analysis of a real case study.

4.2 Experimental analysis under a case study

A thorough numerical analysis of the sensitive parameters is conducted here under a real
case study. Due to the plethora of electrical home appliances, we focus in this study the two
most common appliances found in homes—the refrigerator and the washing machine—
with energy consumption data obtained from Spain as a pioneer country on EEPs. We also
suppose that the energy supplier generates electrical energy by solar photovoltaic technol-
ogy. Table 1 presents the mentioned data for the special parameters of each appliance, as
follows.

Furthermore, Table 2 represents the value of the common parameters between both case
studies.

Figure 3 demonstrates the feasible regions for the concavity of the product producer’s
and supplier’s profit functions, based on a data pre-analysis, with changes to the manufac-
turing process (e and £ in Fig. 3a) and energy generation parameters (p, and c, in Fig. 3b).
Note that, outside the specified region, each selected point should be examined carefully.
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Fig. 3 Feasible region of the problem for the manufacturing process (a) and energy generation (b) param-
eters

Table 3 Equilibria of decision variables by setting parameters on default values

Case 1 Var CRI CRII Case2 Var CRI CRI

Washing machine § 0.22 0.23 Refrigerator § 0.12 0.13
qr 700 704 qr 122.3 1222
P,($/MWh) 263.0 278.5 P, ($/MWh) 262.8 2775
t, 0.28 0.27 t, 0.13 0.11
p(®) 1,130 1,129 (%) 4,776 4,778
v,($/MWh) 300 318 v($/MWh) 454 478
er,,(MWh/month) 732  73.1 er,,(MWh/month) 223.0 2229
e (MWh/month) 13.9 139 e (MWh/month) 19.7 19.6
(%) 10,733 10,732 (%) 30,833 30,833
7,,($) 4910 4,909 7,,($) 14,949 14,948
7w ($) 15,643 15,642 7w ($) 45,782 45,781
N4 18,274 18,276 N4 59,202 59,205

Regarding the default values of the parameters, the equilibria decisions of each contract
are calculated using Theorem 1 and Theorem 2 and are presented in Table 3 as follows.

According to Table 3, the industrial energy cost and energy consumption in the first
contract are more than what we can see in the second one. Also, more revenue share is
obtained under RC [ than under RC II. However, a similarity between the other equilibria
solutions of each case can be seen here.

As an important result, the two proposed contracts can be used by the obligated par-
ties to increase their profits, considering the effective exogenous variables such as energy
market risks, regional limitations, and regulations. Nevertheless, the second contract fol-
lows an efficient production approach while the first one focuses on more production which
leads to more energy consumption and less efficiency level.

Figure 4 represents the equilibria profits, in conjunction with the calculated social wel-
fare benefits for the two home appliances being considered in this case study.

Based on Fig. 4, refrigerator production leads to more social welfare than washing
machine production in both contracts. In contrast, the production of washing machines
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Fig.4 Players’ profits under 100% 1,00,000
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Fig.6 Effect of energy rebound, i.e., r (a) and r,, (b) parameter, on players’ profits

results in more revenue for the supply chain, regardless of the product quantity produced
by the manufacturer. Furthermore, refrigerator production offers less profit for the manu-
facturer than washing machine production under the second scenario, while we can see
the opposite situation under the first scenario. Finally, the overall production level in CRI
is more than what the supply-chain players produced in CRII. Then, we explore the impact
of change in the parameter values under a reasonable range of uncertainty in a primary
estimation.
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Fig. 7 Effect of cost-share (a) and revenue-share (b) proportion of the second contract on production

4.2.1 The energy rebound parameters

We investigate the industrial rebound effects in Figs. 5 and 6 as follows. Figure 5a and b
show the impact of rebound effects on the revenue-sharing in RC I and RC II. This figure
reveals that increases in the rebound effects of household energy use led to more revenue
share of the manufacturer, in particular, under the first contract (Fig. 5a). However, there is
no significant change in energy consumption when industrial rebound effects continually
increase (Fig. 5b).

As a result, we can say that the potential household rebound effects provide more flex-
ibility for the supplier to share more proportion of a TWC scheme’s benefits with the man-
ufacturer, while the industrial rebound effects do not impact the revenue-sharing part of the
investigated contracts.

The effect of energy rebound on players’ profits and social welfare is represented in
Fig. 6. Based on Fig. 6 (a), we can see a gradual increase in a manufacturer’s and supplier’s
profit and a decrease in welfare, respectively, when the energy rebound of household con-
sumption rises. Furthermore, we see a smooth decrease in social welfare by increasing the
energy rebound of industrial consumption (Fig. 6b).

Corollary 1 The proposed contracts can stimulate the manufacturer to follow the efficiency
mandates without a reduction in profits. Therefore, total energy consumption does not
increase under the described conditions.

Corollary 2 The potential household rebound effects are more effective than the industrial
ones in the setting of contract parameter values under the proposed scenarios. This result
can be meaningful in the investigation of economic parameters established in direct energy
rebound in the residential sector.

4.2.2 The sharing parameters

We describe the numerical analysis of the sharing parameters (the z,, ¢, and d parameters)
in the following subsection. Figure 7 describes the impact of the sharing proportions on
production volume. Based on Fig. 7a and b, there is less production when the cost-sharing
proportion of RC II increases (Fig. 7a). Also, we can see no significant change in produc-
tion volume about the revenue-sharing proportion.
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Fig. 8 Effect of cost-share (a) and revenue-share (b) proportion of the second contract on energy consump-
tion

(b)

Fig.9 Effect of share proportions of the second contract on supplier’s (a) and manufacturer’s (b) profit

As a result, the cost-sharing part of the investigated contract has a greater impact on
production than it does on the revenue-sharing part of this problem. However, related
literature confirms the obtained result under an appropriate level of energy efficiency
potential (Bertoldi et al., 2010).

Figure 8 shows more energy use when sharing parameters continually increase.
According to Fig. 8a, we can see a linear relationship between the ¢, changes and energy
consumption. Also, there is more energy consumed in the first contract than there is in
the second contract (Fig. 8b). From an analytical perspective, the increase in sharing
parameters results in less energy use, due to the reduced production of efficient appli-
ances by the manufacturer. However, these decrease in energy consumption are linear
regarding the revenue share proportion, unlike the way they are regarding the cost share
proportion in RC II.

In Fig. 9a and b, where the maximum or minimum areas are shown by hot colors,
the effect of the sharing proportions of RC II on the supply chain players is presented.
According to Fig. 9, the optimal values of #, and ¢, parameters, which can maximize the
supplier’s and manufacturer’s profit, can be achieved under the considered contract as a
Pareto solution.

According to the above figures, we can see that the proposed model helps the sup-
plier determine the sharing proportions of the revenue-cost-sharing contracts regarding
the most profitable position. Hence, given the benefits of participating in the proposed
contracts, manufacturers should be amenable to adopting them.
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Fig. 10 Simultaneous effect of
share proportions of the first
contract on the supplier’s profit

30830
TTs 30820

30810

Fig. 11 Simultaneous effect of sharing proportions of the first (a) and second contract (b) on social welfare
index

Figure 10 indicates the relationship between the revenue- and cost-sharing propor-
tions in RC I and the profit of the energy producer. Based on this figure, the optimal
level of the revenue share to maximize the producer’s profit can be seen clearly. Hence,
an appropriate parameter setting is needed to maximize the supplier’s profits. However,
after the optimum point (in this case, tf = 0.29, d = [0, 1]), the profit value decreases,
due to an increase in revenue and cost share of the manufacturer.

As a managerial point, the cost-sharing parameter in RC I has a negligible impact on
the members. Finally, Fig. 11 demonstrates the effect of sharing-related parameters on
the proposed social welfare index. Based on Fig. 11a, the optimal level of the revenue
share parameter can be seen (in this case, / = 1.0, d’ € [0, 1]) under the first contract.
However, the effect of the cost share of the energy price is negligible. Also, according to
Fig. 11b, the optimal level of 7. and ¢, parameters can be set according to the maximum
value of the social welfare in RC II as a pareto solution.
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Fig. 13 Impact of production efficiency level on players’ profits and social welfare

Corollary 3 Considering the obtained results, it is clear that revenue share and cost
share have an advantage in welfare improvement in RC I and RC II contracts under
consideration.

Corollary 4 The manufacturers with an efficient production process are less significantly
motivated by the revenue share of a TWC scheme than the low-efficient manufacturers con-
cerning both contracts are.

Figure 12 presents the growth of sales prices of energy-efficient appliances and
energy services for the industrial firm, when the energy efficiency of the production
process increases. So, according to this figure, energy-intensive manufacturers with
low-efficient processes benefit from low-price services concerning other manufactur-
ers. However, there is no significant difference between the proposed contracts on the
addressed prices.

In Fig. 13, we show the impact of production efficiency level on players’ profits and
social welfare. Social welfare increases when the efficiency rate of manufacturing pro-
cesses results in higher profits for the supplier and manufacturer.
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4.2.3 Cost-effectiveness analysis

In this subsection, we perform a comprehensive exploration on the cost-effectiveness of the
investigated contracts’ options, to propose some useful insights, based on the assessment of
instrument performance. Figure 14 demonstrates the relation between the manufacturer’s
parameters and related contract parameters. We apply these contour plots to explain the
insights and policy suggestions.

Figure 14a—c demonstrates the impact that a manufacturer’s energy-efficient process has
on revenue share and cost share proportions, the energy consumption of the product, and
efficiency investment costs

Corollary 5 According to the contracts’ analysis, both the revenue share and the energy
efficiency of the manufacturing process have a direct effect on energy savings. Neverthe-
less, the energy efficiency rate is more effective than the revenue share of the manufacturer,
in which energy saving is at a maximum level in both contracts. In contrast, the cost-shar-
ing proportion can reduce energy saving in an energy-intensive process (in RC II).

Corollary 6 In our problem, the most effective parameter on the obtained energy saving is
the product’s energy use before energy efficiency enhancement.

The impact of contract-related parameters (¢, and 7,) and production-related parameters
(e and 6,) on the saving costs of the energy efficiency project is provided in Fig. 14d-f. By
comparing the mentioned figures, the following can be concluded.

Corollary 7 If the policy-maker selects a saving-cost goal, a cost-sharing contract on
energy efficiency investment can be proposed as the most appropriate instrument for
energy-intensive products. In contrast, a revenue-sharing contract may be more useful for
the product manufacturers who have the most energy-efficient processes.

Finally, Fig. 14g—i describes the impact of contracts’ parameters and manufacturing-
related parameters on consumer surplus as an important section of the social welfare index.
The comparisons of these charts reveal the following.

Corollary 8 Regarding the assumptions used, the input energy of the production process,
before the implementation of the scheme, can provide more surplus for energy and prod-

uct consumers. The cost-share parameter can be introduced as the second most effective
parameter on consumer surplus.

5 Discussions and implications
5.1 The proposed contracts’ comparison
The obtained results and findings of the present work are summarized in this section.

Thus, we compare the two considered contracts on TWC schemes to suggest applicable
managerial implications and useful energy policies regarding the implementation of
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Table 4 Summary of supply chain contracts compared

Contract Advantages Disadvantages
RCI Controlling energy rebound of industrial energy use Less energy efficiency of
Ability to stimulate the manufacturer to follow energy efficiency  energy-efficient products
projects than RC II
More relative profit for the supply-chain members than RC 11 Less sensitive to the financial
More social utility than RC II value of the TWC than
More economic stability for the players than RC I1 RC1I
More energy consumption
than RC II
RCII Ability to stimulate the manufacturer to follow energy efficiency Less social utility than RC I

projects and GHG emission reduction obligations
More energy efficiency of energy-efficient products than RC /
Controlling energy rebound of industrial energy use
More suitable for energy efficiency investment than RC 1

efficiency measures. Table 4 demonstrates the comparisons between the two proposed
supply chain contracts.

The manufacturers should only benefit, as they have a higher margin for energy-
efficient products and processes and other incentives. This is because a price deduction
on industrial energy costs may not lead to more energy-saving for them. In this regard,
according to Table 4, the advantages of the second proposed contract (RC II) can be
expressed for the relatively efficient manufacturer as follows: (i) using the second pro-
posed contract, the manufacturer with a relatively efficient production process has the
potential power to improve efficiency of its facilities and control industrial rebound
effects; (ii) from a financial perspective, the energy-intensive manufacturers, who need
a costly energy efficiency upgrade for their production line experience better circum-
stances under the second proposed contract; (iii) this contract leads to a higher level of
welfare under the same conditions offered by the other contract; so, as a result, the sec-
ond cooperation contract is recommended for societies where social welfare takes pri-
ority over energy saving; (iv) the RC II contract can create a more favorable situation
for low-income manufacturers, to enhance their economic level, from a business point
of view; (v) the RC II contract provides the possibility of a trade-off between cost-
sharing and future household energy use reduction caused by using energy-efficient
products made in a costly production process.

Based on the findings of existing literature, RC II could also increase the total factor
productivity in the long term (Peng et al., 2019; Shah et al., 2023c; Wang et al., 2024).
It is interesting to compare this finding with the finding of Marques et al. (2019) about
the incentive investment in energy efficiency projects. This type of contract is recom-
mended for energy-intensive processes, such as the processes used in construction sec-
tors, as an appropriate energy scheme (Kalantzis & Revoltella, 2019). Nevertheless, if
the manufacturer has a relatively efficient process with an acceptable production cost,
the energy supplier only can compensate the revenue share by increasing the retail
price of household energy services under RC II. So, if producing energy-efficient prod-
ucts (e.g., electrical home appliances) takes priority over industrial energy consump-
tion, it is better for a manufacturer to choose RC I.
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Table 5 Comparison of proposed financial instruments

Policy Advantages Disadvantages

Revenue-sharing side Maintain the production ratio
and social welfare
An intensive instrument for the
manufacturers
Decrease in energy consumption
and carbon emission

Cost-sharing side More profit for the supply-chain ~ No significant change in energy
members than revenue-sharing ~ consumption and GHG emission
A light instrument for the manu-  reduction
facturers

5.2 Financial instruments comparison

Table 5 shows the individual impact of the revenue- and cost-sharing sections, as two
parts of the presented contracts. These findings can help energy policymakers make
more appropriate decisions.

Based on Table 5, a revenue-sharing contract proves to be a more effective means
of boosting the adoption rate of tradable white certificates (TWC) amongst parties that
are required to do so than does a cost-sharing contract. Revenue-sharing encourages
stakeholders, to prioritize and maximize energy-saving initiatives by tying incentives
to results. According to previous works, this promotes innovation and ongoing devel-
opment (Alipour-Vaezi et al., 2022; Li et al., 2019; Yenipazarli, 2017; Yu et al., 2020).
The policy instrument analysis highlights the superiority of revenue-sharing as a stim-
ulus for sustainable development, as it drives energy reductions at a reduced cost to
society. Its adaptability transcends industries, allowing significant gains in energy effi-
ciency regardless of technological knowledge and bridging the gap between high-tech
and low-tech sectors. Revenue-sharing arrangements also provide a workable solution
by encouraging ongoing energy-saving measures, which always entail worries about
consumer-side rebound effects. In contrast, the cost-sharing strategy excels in promot-
ing the use of inexpensive, highly efficient technology in energy-intensive processes
like the production of plastics and petroleum refinement. Cost-sharing ensures cost-
effectiveness in companies with high energy consumption while promoting accessibil-
ity to new technology by evenly dispersing financial responsibilities. To put it simply,
the careful choice of policy tools based on industry-specific circumstances emphasizes
how important revenue-sharing and cost-sharing contracts are to promoting sustain-
ability and energy efficiency in a variety of industries.

This result is confirmed by previous findings that approve the effectiveness of a rev-
enue-sharing contract against regular contracts, such as wholesale price contracts (Nie-
derhoff & Kouvelis, 2019; Zhuang et al., 2022). As a result, the non-contract-related
efficiency efforts of manufacturers may not be counted as industrial energy-saving
measures. So, considering the energy savings target metric of the TWC scheme, both
investigated policies can work as well as individual incentive instruments in supply
chains (Iorember et al., 2022; Li et al., 2019).
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6 Conclusions

We addressed an appliance supply chain that included an energy producer and a product
manufacturer, who produces efficient appliances in a monopoly. The energy producer pro-
vides energy services simultaneously for the industrial and residential end-users. Also, the
energy producer, due to social pressures, financial benefits, and environmental concerns
follows a tradable white certificate (TWC) scheme and proposes two types of revenue-
cost-sharing contracts to the manufacturer, to encourage greater energy efficiency. This is
brought about by using cutting-edge technological and managerial methods. On this point,
we studied for the first time the impact of the rebound effect caused by improvements made
on three objectives—energy saving, saving cost, and consumer surplus. Furthermore, a
novel index for the assessment of social welfare was introduced to measure the outcome of
a social welfare level vis-a-vis the proposed contracts.

To solve the proposed problem, the authors presented a two-stage game model with per-
fect information, based on a leader—follower structure, so that the energy supplier, in the
upper level, determined the energy price, and the manufacturer determined the energy-effi-
ciency rates, the production volume, and the selling price of the appliances. After solving
the problem, a thorough analysis of the equilibria and players’ profits was performed. The
results reveal that the second contract has more advantages. Nevertheless, social welfare in
the second contract is less than it is in the other contract. Furthermore, the findings suggest
that sharing the revenue and energy use costs is better in the second proposed contract than
sharing in the first one for the obligated parties to improve the quality of white certificate
implementation.

6.1 Policy recommendations
Based on the investigation, we can present some recommendations as follows:

Insight 1 Based on the obtained results (Figs. 5, 6, and Corollary 2), investing in param-
eters affecting the potential household rebound effects of energy-intensive products can
be considered a serious recommendation for policymakers in the energy field. On this
matter, instrumental policies such as raising awareness about the existence of rebound
effects can be useful in controlling energy consumption on the demand side and encour-
aging the players of the energy supply chain to use revenue-sharing contracts, taking
into account the assumptions of the problem.

Insight 2 From an energy-saving perspective, RC II has an advantage, due to its inclu-
sion of a cost-sharing contract on energy-efficiency investments (Fig. 14a—c and Cor-
ollary 6). In this regard, RC II proposes an appropriate option to decrease industrial
energy use. So, if policymakers seek to enhance energy-saving value on the supply side,
the contract that provides efficient low-cost technologies for manufacturers of energy-
efficient products can be considered an effective policy. In addition, revenue-sharing can
be introduced as the most important policy instrument that can complete this goal in
both proposed contracts.

Insight 3 Considering the energy-saving costs, the results of a cost-effectiveness
analysis show that cost-sharing on efficiency investment in RC II and revenue-shar-
ing in RC I, respectively, can motivate the manufacturers of energy-efficient prod-
ucts to use more energy-efficient methods in their production processes (Fig. 14d—f
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and Corollary 7). In addition, a TWC scheme with energy efficiency improvement
options for energy-efficient products that reduces energy-saving costs is recom-
mended for energy-intensive industries instead of a revenue-sharing contract. On this
matter, a public authority can use supportive policy instruments, e.g., grant and loan
programs, to facilitate expensive energy-saving projects. Additionally, using similar
trading mechanisms such as what is applied in the carbon market can be useful to
enhance the flexibility of these projects.

Insight 4 From the social welfare perspective, the findings suggest that there is no
remarkable difference between the EEPs with middle- or high-efficiency targets on the
production process under the proposed contracts. Also, energy-efficiency improvement
options for energy-efficient processes embedded in TWC schemes can provide more
surplus for end-users than revenue- or cost-sharing in similar contracts (Fig. 14g—i and
Corollary 8). However, there is a long-standing conflict between the production of more
efficient equipment obtained from processes that conserve energy and the energy con-
sumption of end-users—two important parts of the social welfare equation.

Insight 5 Considering the substantial influence of the manufacturer’s cost-share param-
eter within the cost-sharing contract relative to other factors, there is a compelling
argument to prioritize policies aimed at reducing the investment costs associated with
energy consumption efficiency for manufacturers over alternative financial support
mechanisms such as taxation, particularly under similar conditions (Figs. 7, 9, and 11).
Such a strategic emphasis can effectively heighten manufacturers’ motivation, to engage
in energy-efficiency projects. By alleviating the financial burden on manufacturers
through targeted incentives and subsidies aimed specifically at enhancing energy effi-
ciency, policymakers can catalyze greater participation in sustainability initiatives. This
approach not only fosters environmental stewardship but also yields tangible economic
benefits for manufacturers through reduced operational costs and enhanced competitive-
ness. Moreover, by aligning incentives with desired outcomes, governments can encour-
age ongoing investment in energy-saving technologies and practices, thereby facilitating
a transition towards a more sustainable and resilient industrial landscape.

Insight 6 Given the substantial influence of input energy within the production process
and energy-consumer products before any energy efficiency enhancements, the imple-
mentation of regulatory policies such as “restriction” and “target setting” schemes
emerge as a viable strategy, to address energy storage and consumption costs at the
supply side (Fig. 14b-i). These policies serve to optimize energy utilization, leading to
enhanced energy efficiency and improved returns on energy investment. By imposing
restrictions on energy usage and setting specific targets for energy consumption, regula-
tory frameworks can effectively steer industries toward more sustainable practices. This
not only reduces energy waste but also promotes the adoption of innovative technolo-
gies and processes geared toward maximizing energy efficiency. Moreover, by incen-
tivizing energy conservation and efficiency improvements, these policies contribute to
mitigating environmental impact and fostering long-term sustainability. Consequently,
the integration of regulatory measures aimed at enhancing energy storage and consump-
tion practices holds significant potential, to drive positive outcomes for both businesses
and the environment, paving the way for a more resilient and resource-efficient future.
Insight 7 Based on our investigations, the advantages of RC II for relatively efficient
manufacturers include improved facility efficiency, better financial circumstances for
energy-intensive manufacturers, higher societal welfare, economic uplift for low-income
manufacturers, and a trade-off between cost-sharing and future household energy sav-
ings.
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Insight 8 In the investigated problem, revenue-sharing contracts are more effective than
cost-sharing contracts in boosting tradable white certificate (TWC) adoption among
obligated parties. They prioritize energy-saving initiatives, foster innovation, and drive
sustainability at lower societal costs. Revenue-sharing benefits diverse industries and
addresses rebound effects, while cost-sharing promotes cost-efficient technology adop-
tion in energy-intensive sectors, ensuring accessibility. Overall, strategic policy tool
selection emphasizes revenue-sharing and cost-sharing contracts’ importance in pro-
moting sustainability and energy efficiency.

Some of the benefits that emerged from this finding relate specifically to the applica-
tion of such energy efficiency instruments. The private sector’s willingness to engage in
energy efficiency and renewable energy generation projects can be greatly increased by
the emergence of a free, non-governmental energy market that is competitive. This change
promotes innovation and technological growth in the energy sector while also being in line
with global sustainability goals. Furthermore, public authorities can accomplish predefined
goals in an organized manner by putting in place a multi-level framework that is custom-
ized to certain industries and their patterns of energy usage.

Regulations can successfully guide the shift toward environmentally friendly practices
while maintaining economic viability and competitiveness by establishing targets that are
specific to the industry. Particularly in industries with significant energy use, like the food
industry, these strategic actions can bring about revolutionary change. Businesses are under
increasing pressure to implement energy-efficient procedures and to incorporate renewable
energy sources into their operations as they become more aware of the financial advantages
of sustainability projects. This improves resilience and long-term profitability in addition
to reducing the impact on the environment. The results highlight how crucial it is to pro-
vide reliable energy efficiency tools that are adapted to the changing dynamics of the green
energy markets for spurring sustainable development across all industries.

6.2 Research limitations

While our study provides valuable insights into the implementation of TWC schemes in
energy efficiency markets, several notable limitations warrant consideration. Firstly, the
simplified mathematical representation of certain parameters, such as the financial estima-
tion of TWCs, may constrain the generalizability of our findings to nonlinear contexts. The
intricacies of real-world dynamics may necessitate more nuanced modeling approaches, to
capture complex relationships accurately. Secondly, addressing the multi-agent problem-
solving aspect, particularly in the context of duopolistic competition, posed significant
challenges due to the inherent complexity of interactions between parameters and decision
variables.

Our study focused on prioritizing key factors, but the exclusion of certain variables may
have implications for the comprehensiveness of our analysis. Additionally, data gathering
presented obstacles, potentially impacting the depth and breadth of our research insights.
Furthermore, the absence of an explicit cost recovery mechanism in our model represents
a notable gap, as it could influence the dynamics of energy-saving processes. Although not
explicitly explored in this study, future research should investigate the implications of cost
recovery mechanisms on energy efficiency initiatives, drawing parallels to their impact on
household energy prices. Recognizing these limitations underscores the need for contin-
ued research efforts to refine modeling approaches, address data challenges, and explore
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additional factors that shape the effectiveness of TWC schemes in fostering energy effi-
ciency and sustainability.

6.3 Future research

For future research, the related financial function of white certificate (WC) applications in
the energy efficiency marketplace can be applied more practically than it has been applied
in the current formulation. Also, in future research, a novel penalty function for energy
suppliers, who violate the efficiency target, could be proposed under the given problem.
Finally, future scientific studies could be conducted by extending the model explored in
this study.
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