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Abstract

As a result of global climate change and oil price volatility, energy efficiency and
environmental sustainability have become top policy priorities around the world.
Meanwhile, the global energy demand may grow by more than one-third after
about twenty years, with the expectation that the global electricity demand will
continue to grow more strongly than any other final form of energy. So it is
crucial to find ways to achieve efficient capacity investments for electricity and
efficient environmental sustainability investments for products. On the other
hand, an efficient pricing mechanism of electricity can facilitate efficient capacity
investment for electricity, and reducing carbon emission is essential to achieve
environmental sustainability. Therefore, in this thesis we study capacity and
sustainability investments from the perspectives of pricing and carbon emission.
Three fundamental topics, which can be considered as foundations for future
research, are studied in this thesis.

In the first topic, we consider the determination of the optimal capacity and
pricing policies for an electricity company. The time of electricity usage consists of
two periods, namely the non-peak period and the peak period. Two technologies
are considered to generate electricity, where the first technology is used to gener-
ate electricity for the demands in both periods and the second technology is used
to generate electricity only for the demand in the peak period. The company of-
fers customers two tariffs, namely the flat rate (FR) tariff and time-of-use (TOU)
tariff. Under the FR tariff, customers pay a flat price for electricity consumption
in both periods. Under the TOU tariff, customers pay a high price and a low
price for electricity consumption in the peak period and non-peak period, respec-

tively. We first study a model with price inelasticity of total demand. Customers
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who use the TOU tariff may shift some electricity consumption from the peak
period to the non-peak period to take advantage of the lower price in the latter
period. We apply a Stackelberg game to study this model, where the electricity
company, acting as the Stackelberg leader, decides the capacity investment and
prices of electricity. The customers under the TOU tariff, acting as Stackelberg
followers, decide the amount of electricity consumption to shift from the peak
period to the non-peak period, given the prices of electricity. We then study a
model with price elasticity of demand. The optimal capacity and pricing policies
for the electricity company under both models are derived. By introducing the
TOU tariff to customers, the electricity company can obtain more profit while
customers can save electricity cost. We also analyze the effects of the proportion
of the customers using the TOU tariff and discuss the managerial implications of
the findings.

In the second topic, we study the time-of-use tariff for an electricity company
with stochastic shifted consumption. Similar to the first topic, the electricity
company uses two technologies to generate electricity and offers both the FR
tariff and TOU tariff to the customers. We consider a scenario that the amount
of shifted consumption is uncertain. The optimal capacity investment decisions
and the optimal pricing decisions for the electricity company are obtained. We
find that shifting too much consumption from the peak period to the non-peak
period may not be optimal to the electricity company. Furthermore, we study the
effects of the demands, market size, proportion of customers using the TOU tariff
and the cost parameters, and discuss the managerial implications of the findings.

Carbon emission abatement is a hot topic in environmental sustainability,
and cap-and-trade regulation is regarded as an effective way to reduce the carbon
emission. Besides, according to the real industrial practices, an environmental
sustainable product usually involves decreasing carbon emission in the produc-
tion process and increasing the market demand. Therefore, in the third topic,
we study the environmental sustainability investment in products with emission

regulation considerations. Decentralized and centralized supply chains are con-
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sidered. We first examine the order quantity of the retailer and sustainability
investment of the manufacturer for the decentralized supply chain with one re-
tailer and one manufacturer. Then, we study the centralized supply chain and
derive the optimal production quantity and optimal sustainability investment for
the whole supply chain. In both supply chains, the sustainability investment
efficiency has a significant impact on the optimal solutions. Furthermore, we
conduct numerical analyses and find surprisingly that the order quantity may be
increasing in the wholesale price, which is due to the effects of environmental
sustainability and carbon emission. Moreover, we investigate the achievability of
supply chain coordination by various contracts, and find that only revenue shar-
ing contract can coordinate the supply chain whereas the buyback contract and

two-part tariff contract cannot achieve the coordination.
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Chapter 1

Introduction

According to a report by the International Energy Agency (IEA 2010), the global
energy demand may grow by more than one-third between 2008 and 2035, with
the expectation that the global electricity demand will continue to grow more
strongly than any other final form of energy. Electricity demand will grow by
around 80% by 2035, requiring an extra 5,900 GW of total capacity, and its
share of total energy consumption grows from 17% to 23% (IEA 2010). So it is
crucial to find ways to achieve energy efficiency for the electricity generation and
consumption (IEA 2010, ACEEE 2014). Meanwhile, there exists a peak period
for the electricity usage by customers, in which the electricity demand is higher
than that in the non-peak period. Reducing the electricity usage in the peak
period can save huge cost for the electricity company, and may also yield energy
save and improve the energy efficiency (The Electropaedia 2005, Faruqui et al.
2007, York et al. 2007, EPA 2008, WiseGEEK 2013). And it is essential to
have an efficient pricing mechanism for a smart grid future (Chao 2011a). Only
under an efficient pricing mechanism of electricity, can the customers have the
incentive to use the electricity wisely and reduce the electricity usage in the peak
period. So an efficient pricing mechanism of electricity can facilitate efficient
capacity investment for electricity.

On the other hand, environmental sustainability is receiving more and more
public awareness all around the globe, and increasing attention in operations man-
agement research. Meanwhile, carbon emission accelerates global warming, and

reducing carbon emission is essential to achieving environmental sustainability.



So it is important to study the investment in the environmental sustainability,
with the consideration of carbon emission.

Therefore, in this thesis, we study the capacity investment for an electricity
company and the environmental sustainability investment in products. In partic-
ular, regarding the capacity investment for an electricity company, our study will
focus on the pricing of electricity; and regarding the environmental sustainability
investment in products, our study will focus on the effects of the carbon emission.
The thesis is comprised of three topics. The first and second topics study the
capacity investment and pricing policies for an electricity company. The third
topic studies the environmental sustainability investment under a cap-and-trade
regulation of carbon emission.

In Chapter 2, we determine the optimal capacity and pricing policies for an
electricity company with time-of-use (TOU) tariff. Currently, electricity cus-
tomers in many countries pay the same flat rate (FR) for each unit of electricity
they use during a year. Under this pricing mechanism, the customers have no
incentive to use the electricity wisely and reduce electricity consumption from
the peak period. Motivated by this fundamental problem of in-efficient pricing
mechanism for electricity, we then consider introducing another pricing mecha-
nism, i.e., the TOU tariff, under which the electricity price varies with the time.
Customers pay a high price for electricity consumption in the peak period and a
low price for electricity consumption in the non-peak period. We consider that
the company offers FR and TOU tariffs to the customers simultaneously. The
company is regulated under the price-cap regulation, which, as its name implies,
sets an upper bound on an index of the regulated company’s price. Two tech-
nologies are considered to generate electricity, where the first technology is used
to generate electricity for the demands in both periods and the second technology
is used to generate electricity only for the demand in the peak period. We first
study a model with price inelasticity of total demand, where the total demand of
electricity will not be affected by prices. Customers using the TOU tariff have the

incentive to shift some electricity consumption from the peak period to the non-



peak period, to take advantage of the lower price in the non-peak period. Here,
shifting electricity consumption means that the customers change the time to use
electricity for some activities, such as doing the laundry, from the peak period
to the non-peak period. We apply a Stackelberg game to model the situation,
where the electricity company, acting as the Stackelberg leader, decides the ca-
pacity investment and prices of electricity. The customers under the TOU tariff,
acting as Stackelberg followers, decide the amount of electricity consumption to
shift from the peak period to the non-peak period, given the prices of electricity.
We find that the optimal shifted consumption of customers is determined by the
marginal shift cost. There are several cases for the optimal capacity, depending
on the costs of the technologies and customers’ shifted consumption. The price-
cap regulation plays an important role in determining the optimal prices. In
order to achieve a win-win outcome, where the company obtains more profit by
introducing the TOU tariff and the customers save electricity cost by using the
TOU tariff, the government that acts as the regulator should not set the price-cap
for the electricity price in the peak period too high. We then study a model with
price elasticity of demand, where demands are functions of the prices. We also
derive the optimal capacity and pricing policies for the electricity company under
this model.

In Chapter 3, we focus on the capacity investment and pricing of the TOU
tariff with stochastic shifted consumption. Similar to the setting in Chapter 2, the
electricity company uses two technologies to generate electricity and offers both
the FR and TOU tariffs to the customers, and the company is also regulated
under the price-cap regulation. In order to get an in-depth understanding of the
TOU tariff, we further investigate the optimal capacity investment and the pricing
for the electricity company, whereas we consider that the shifted consumption by
customers is uncertain in this chapter. We derive the optimal capacity investment
and pricing decisions for the company. The costs play critical roles in rationing the
capacities to meet the demands in the non-peak and peak periods. The capacity

of the second technology and the total capacity for the peak period demand both



increase in the price for the non-peak period and decrease in the price for the
peak period, for the TOU tariff. Regarding the optimal prices for the TOU tariff,
there is a unique optimal solution for the price in the non-peak period, while there
are three possible optimal solutions for the price in the peak period, depending
on the price sensitivity parameters and the price-cap for the price in the peak
period. We find that shifting too much consumption from the peak period to the
non-peak period may not be optimal to the electricity company. Furthermore,
we study the effects of the demands, market size, proportion of customers using
the TOU tariff and the cost parameters, and discuss the managerial implications
of the findings.

In Chapter 4, we turn to study the environmental sustainability investment
with the consideration of carbon emission. Carbon emission abatement is a hot
topic in environmental sustainability. Many countries have designed or adopted
carbon trading mechanism, such as cap-and-trade regulation, to reduce the car-
bon emission (Stavins 2008, Zhang and Xu 2013). On the other hand, the
investment in cleaner technologies is another way to reduce the carbon emis-
sion and achieve the environmental sustainability. Therefore, in this chapter, we
study the environmental sustainability investment in sustainable products under
cap-and-trade regulation of carbon emission. Here, environmental sustainable
products usually involve decreasing carbon emission in the production process
and increasing the market demand. For example, it will produce less carbon
emissions if the company invests in cleaner technologies to produce the prod-
ucts in the production process, or the products will be more favourable to the
customers if the company invests in more advanced technologies to promote the
energy efficiency for the products. Then, from the perspective of the environ-
ment, investing in the environmental sustainability on products could reduce the
carbon emission and is beneficial to the environment; and from the perspective of
marketing, it could stimulate the market demand. We consider both the decen-
tralized and centralized supply chains with one manufacturer and one retailer in

this chapter. For the decentralized supply chain, we consider that the manufac-



turer, acting as the Stackelberg leader, determines the sustainability investment,
and the retailer, acting as the Stackelberg follower, determines its order quantity.
We derive the optimal sustainability investment for the manufacturer and optimal
order quantity for the retailer. For the centralized supply chain, we consider that
the manufacturer and the retailer are fully aligned to achieve the channel’s maxi-
mal profit by determining the sustainability investment and production quantity.
We derive the optimal sustainability investment and optimal production quantity
for the whole supply chain. By conducting numerical studies, we find that the
order quantity may be surprisingly increasing in the wholesale price, which is due
to the effects of environmental sustainability and carbon emission. Furthermore,
we study the coordination of the supply chain under several contracts. We find
that only revenue sharing contract can coordinate the supply chain whereas the

buyback contract and two-part tariff contract cannot coordinate it.



Chapter 2

Optimal Capacity and Pricing
Policies for an Electricity
Company with Time-of-use Tariff

2.1 Introduction

Facing growing complexity in the electricity market, it is essential to have an
efficient pricing mechanism for a smart grid future (Chao 2011a). Currently,
the majority of electricity customers in many countries, such as China, pay the
same flat rate (FR) for each unit of electricity they use during a year. Under
this pricing mechanism, they have no incentive to reduce electricity use during
the peak period or to use electricity wisely. These are fundamental problems
that need to be addressed in order to reduce the required capacity for electricity
generation during the peak period.

The time-of-use (TOU) tariff is another pricing mechanism under which the
price varies with time. In contrast to the flat rate, the TOU tariff requires
customers to pay a high price for electricity consumption in the peak period and
a low price in the non-peak period. With the TOU tariff, customers have the
incentive to actively change the way in which they use electricity, which helps
achieve the goals of reducing the peak period capacity.

The TOU tariff has been adopted in some states of the U.S. and some countries
in Europe. In China, the TOU tariff has been adopted for industrial customers in

some cities, such as Beijing, since the last century. Currently, the TOU tariff has
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been adopted for residential customers in some cities, such as Shanghai, in China
(The World Bank 2005, Pepper 2010). Several papers have studied the benefits
of the TOU tariff (see, e.g., Henley and Peirson 1994, Faruqui and George 2005,
Spees and Lave 2007, Faruqui 2010). For example, after California’s power cri-
sis in 2000 and 2001, California’s three investor-owned utilities conducted an
experiment, in concert with the two regulatory commissions, to evaluate the im-
pacts of the TOU tariff and dynamic pricing on residential, and small commercial
and industrial (C&I) customers. The experiment demonstrated that, under the
TOU tariff, reduction in peak-period energy use could be up to 5.9% for residen-
tial customers and 8.6% for C&I customers (Faruqui and George 2005). Earlier
work has shown that even a 5% reduction in the peak electricity demand in the
U.S., i.e., 757,056 MW, is worth US$ 3 billion per year, by avoiding the instal-
lation and energy costs associated with peak-period generation, as a result of a
reduced peak load, and a reduction in the transmission and distribution capacity
(Faruqui et al. 2007).

Many electricity markets are considering implementing the TOU tariff for
some customers, without making it mandatory for all the customers in the whole
electricity market. Examples can be found in Australia, Canada, England, the
U.S. ete. (Prins 2012, DEWS 2014). Consequently, there is a mixed tariff struc-
ture under which some customers use the TOU tariff while the others pay a flat
rate for electricity consumption (i.e., the so-called FR tariff). In the Operations
Management (OM) literature, pricing for electricity under the TOU tariff has
received little research attention. One exception is Yang et al. (2013), which
investigates the TOU tariff for electricity consumption with consumer behaviour
consideration. However, Yang et al. (2013) do not consider the mixed tariff
structure in their study.

In this chapter we study the electricity capacity and pricing policies for an
electricity company that offers a mixed tariff structure under which a proportion
of the customers use the TOU tariff and the rest of the customers use the FR

tariff. We first examine the optimal policies for the electricity company, given



the proportion of customers using the TOU tariff, and then we study the effects
of the proportion of customers using the TOU tariff on the optimal policies.
It is because that in some countries or cities, the TOU tariff is mandatory to
the customers. For example, Toronto Hydro is the first North American utility
company that mandates the TOU tariff in a major city in Canada. The results of
different pricing mechanisms in the electricity market have been mixed (Tweed

2011, CEA 2009). So, we first study the capacity investment and pricing policies
for a given proportion of customers using the TOU tariff. On the other hand,
even the TOU tariff is mandatory to some customers, the proportion of customers
may be changed in the succeeding years. Examples can be found as follows:
In 2006, the Department of Public Utility Control in Connecticut in the U.S.
directed all the utility companies to phase in the mandatory TOU tariff for all the
customers (in each succeeding year, the mandatory TOU tariff would be applied
to additional customers based on declining levels of consumption) (Friedman

2011, Jessoe and Rapson 2014); and some countries in Asia have also dabbled
with the TOU tariff, e.g., China has decided to gradually move to the TOU tariff
(RAP 2008). So, we further examine the impact of the proportion on the optimal
capacity and pricing decisions.

In some countries, electricity companies are subject to the monitoring and
control of regulators. We consider that the electricity company is regulated
under the price-cap regulation. Developed in Britain in the 1980s, the price-
cap regulation has been adopted globally to regulate monopolistic electricity
firms, which, as its title implies, sets an upper bound on an index of the regu-
lated firm’s prices (Sappington and Sibley 1992, Braeutigam and Panzar 1993,
Regulationbodyofknowledge.org 2014). We consider a vertically integrated elec-
tricity company that not only owns the generation capacity, but is also responsible
for meeting the market demand for electricity. Two technologies are considered
to be installed for generating electricity to meet the demands in two periods,
namely the peak period and the non-peak period, respectively. The second tech-

nology will be installed only if the first technology cannot meet the demand in



the peak period. We address the following key research issues in this chapter: 1)
How much electricity capacity should the electricity company install? 2) What
should be the electricity prices under the TOU tariff and the FR tariff? 3) What
is the reaction of the customers and how much demand in the peak period will be
reduced under the TOU tariff? 4) What is the benefit for the electricity company
to introduce the TOU tarift?

Many prior studies have revealed that time-varying prices of electricity can
reduce the peak-period demand for electricity. However, some studies show that
time-varying prices may not reduce the total electricity consumption over the
whole period. For example, upon analyzing the data from a British TOU pricing
experiment, Henley and Peirson (1994) concluded that the widespread introduc-
tion of TOU pricing in Britain did not result in a significant reduction in electric-
ity consumption. Faruqui and George (2005) found that there was essentially no
change in the total energy use across the entire year based on the average price
of the TOU tariff and dynamic pricing in the experiment of Statewide Pricing
Pilot in California. Therefore, we first consider in this chapter a model with price
inelasticity of total demand, i.e., the total demand for electricity is not affected
by the prices of the TOU and FR tariffs. However, given that the price in the
peak period is higher than that in the non-peak period under the TOU tariff,
customers under the TOU tariff may save their electricity bills by shifting some
electricity consumption from the peak period to the non-peak period. We apply
a Stackelberg game to study this model, where the electricity company that de-
cides the capacity investment and electricity prices acts as the Stackelberg leader,
and customers under the TOU tariff who decide the amount of electricity con-
sumption to shift from the peak period to the non-peak period act as Stackelberg
followers, given the prices of electricity.

On the other hand, there are many empirical studies on the price elasticity of
demand for electricity, which produce different results. For the non-TOU price
elasticity, the results of price elasticity of demand from different studies are not

very consistent. Under the residential sector, the numbers that come up most of-



ten are around —0.2 and —0.9 for the short run and the long run, respectively. It
implies that a ten percent price increase would reduce consumption by two percent
in the short run and nine percent in the long run (Bohi and Zimmerman 1984,
Lafferty et al. 2001, Fan and Hyndman 2011). Under the commercial and in-
dustrial sectors, the results are even less consistent. For the TOU price elasticity,
Filippini (1995) shows that the price elasticity of demand would be —1.5 for the
peak period and —2.57 for the non-peak period. Besides, many researchers treat
electricity demand as a function of price in their models (see, e.g., Chao 1983,
Crew et al. 1995, Borenstein and Holland 2005, Chao 2011a,b, Greer 2012).
It is therefore necessary to consider both models with price inelasticity of total
demand and with price elasticity of demand. So we also consider a model with
price elasticity of electricity demand in Section 2.5 and derive the corresponding
optimal capacity and pricing policies for the electricity company.

For the model with price inelasticity of total demand, we find that the optimal
shifted consumption of customers is determined by the marginal shift cost. If the
cost is neither too high nor too low, the optimal shifted consumption is such
that the marginal shift cost is equal to the marginal shift profit. The total
consumption of electricity over the whole period is unchanged, so customers’
shifted consumption under the TOU tariff amounts to the reduction in electricity
usage in the peak period that is shifted to the non-peak period. The optimal
capacity is divided into several cases, depending on the costs of the technologies
and customers’ shifted consumption under the TOU tariff. The second technology
will be installed only if its cost and customers’ shifted consumption are small. The
price-cap regulation plays an important role in determining the optimal prices.
If the upper bound on the price in the peak period is large, then the company
would set the prices such that customers cannot save electricity cost by using
the TOU tariff. Otherwise, customers can save some electricity cost by using the
TOU tariff. By studying the effects of the proportion of the customers using the
TOU tariff, we find that the company’s profit can increase when the TOU tariff

is offered to the customers. Therefore, in order to achieve a win-win outcome,
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where the company obtains more profit by introducing the TOU tariff and the
customers save electricity cost by using the TOU tariff, the government that acts
as the regulator should not set too high an upper bound on the electricity price
in the peak period.

For the model with price elasticity of demand, we derive that the optimal
capacity is similarly divided into several cases. We show that the company’s
profit function in each case is jointly concave in the prices, so the optimal pricing
decisions are uniquely determined.

The remainder of this chapter is organized as follows: In Section 2.2 we review
the related literature. In Section 2.3 we present the general model setting of this
chapter. In Section 2.4 we study a model with price inelasticity of total demand.
In Section 2.5 we extend the study to a model with price elasticity of demand. In

Section 2.6 we conclude this chapter. We provide all the proofs in Appendix A.

2.2 Literature Review

Our work is closely related to studies on strategic technology choice and ca-
pacity investment in the Operations Management/Operations Research litera-
ture. Goyal and Netessine (2007) study the impact of competition on a firm’s
decisions of technology and capacity investments under demand uncertainty.
Boyabatli and Toktay (2011) investigate the technology choice and capacity level
for a monopolistic firm that is budget-constrained and can relax its budget con-
straint by borrowing money from a creditor. Yang et al. (2011) conduct a com-
parative analysis of five possible production strategies for flexible technology and
flexible capacity investments. Kashefi (2012) examines the effect of salvage mar-
ket on the strategic technology choices and capacity investment decisions of two
firms in a competitive market. Recently, there is growing literature on sustain-
able operations that consider technology choice and capacity investment. For
instance, Drake et al. (2012) analyze the impacts of emissions tax and emissions
cap-and-trade regulations on a firm’s technology choice and capacity portfolios.

Through modelling the trade-off between renewable and nonrenewable technolo-
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gies, Aflaki and Netessine (2012) explore the incentives to invest in renewable
electricity generating capacity. One important feature distinguishing our work
from these studies is that we consider the pricing issues associated with a time-
varying electricity pricing mechanism.

On the other hand, there are papers that study time-varying electricity prices
without considering technology choice and capacity investment. Garcia et al.
(2005) study dynamic pricing and learning in an infinite-horizon oligopoly model,
in which hydroelectric generators are engaged in dynamic price-base competition.
Triki and Violi (2009) analyze a dynamic and flexible tariff structure for a dis-
tribution company that protects retail consumers against excessive fluctuations
in wholesale market prices. In the Economics and Electricity literature, some
papers consider the problem of time-varying prices in an electricity market, in-
cluding Henley and Peirson (1994), Borenstein (2005), Borenstein and Holland
(2005), and Holland and Mansur (2005).

Recently, a few papers have considered the issues of electricity generation port-
folio, pricing, and investment in the electricity market, but are from perspectives
different from our work. Banal-Estafiol and Micola (2009) examine by simulation
the impact of diversification of the electricity generation portfolio on wholesale
price. Chao (2011a) presents an economic model of pricing and investment in the
electricity market with intermittent resources. In the setting of intermittent re-
sources, it is indeed a problem similar to making pricing and investment decisions
under supply uncertainty. However, most of these papers neglect the customer
behaviour of shifting electricity consumption from the peak period to the non-
peak period under time-varying prices. Yang et al. (2013) investigate the TOU
tariff in an electricity market that takes customer behaviour into consideration.
Our work differs from their paper in the following fundamental ways. First, their
paper adopts the TOU tariff without considering other tariffs that may co-exist,
while our work considers a mixed tariff structure under which some customers
use the TOU tariff and the rest of the customers use the FR tariff. Second, their

paper only considers a model with price inelasticity of total demand, while our

12



work takes both price inelasticity of total demand and elasticity of demand into
consideration.

In the Economics literature, significant research attention was paid to ca-
pacity choice and peak-load pricing in electricity markets in the 1970s and
1980s, as reviewed by Crew et al. (1995). Central to the problem is to ad-
dress the pricing and capacity planning issues under stochastic demand when
there are diverse technologies with different cost characteristics. For instance,
Crew and Kleindorfer (1976) study the problems of capacity choice and pricing
when several technologies are available and demand is stochastic, which Chao
(1983) extends to the case with supply uncertainty. However, their demand mod-
els are basically different from ours. Our work considers the problem from the
electricity company’s perspective, while the other studies consider the problems

from the social welfare perspective.

2.3 The General Model Setting

For nearly a century the electricity sector has been regarded as a natural
monopoly, in which all the four primary elements of electricity supply, i.e., gen-
eration, transmission, distribution, and retailing, are organized as a vertically
integrated company (Aflaki and Netessine 2012). In this chapter we consider
a vertically integrated electricity company that not only owns the generation
capacity, but is also responsible for meeting the market demand for electricity.
The time of electricity usage spans two periods, namely the non-peak pe-
riod and the peak period. We consider the scenario under which the electricity
company offers customers two tariffs, namely the FR tariff and the TOU tar-
iff. A fraction o € (0, 1] of the customers use the TOU tariff while the rest of
the customers use the FR tariff. We assume that « is given. A similar setting
can be found in Borenstein and Holland (2005). We assume that there are N
customers in the market, so aN customers use the TOU tariff. Under the FR
tariff, customers pay a flat price py € [0, po] for electricity consumption in both

the non-peak period and the peak period. Under the TOU tariff, customers pay

13



a price p; > 0 for electricity consumption in the non-peak period and pay a
price ps € [0, po] for electricity consumption in the peak period. We assume that
p1 < po. Here, pg and ps are upper bounds on pg and ps, respectively, which may
be imposed by the regulator under the price-cap regulation. It is reasonable to
assume that pg < p. We also assume that p; < py < ps. Otherwise, no customer
will be willing to use the TOU tariff if p; > py and no customer will be willing

to use the FR tariff if ps < pg. Table 2.1 summarizes the tariffs for Chapter 2.

Table 2.1: Tariffs of the electricity company for Chapter 2

Tariff Proportion Price
FR tariff 11—« Do
TOU tariff o D1, P2

We consider deterministic demand that spreads evenly throughout each pe-
riod. Let Dy > 0 and Dy > 0 denote the demands in the non-peak and peak
periods, respectively. Let T" denote the total period time, e.g., one day. Without
loss of generality, we let 7' = 1. Let t; and ¢, denote the start time and end
time of the peak period, respectively. We define 7 = t5 — t; as the percentage
of time of the peak period over the whole period. Two technologies are available
for generating electricity, i.e., Technology i, i € {1,2}. Let k; > 0 denote the in-
stalled capacity for Technology i. Similar to the setting in Pineau and Zaccour
(2007), we consider that the capacity of Technology 1 is used throughout the
whole period, while the capacity of Technology 2 is installed in the peak period
only when the capacity of Technology 1 cannot meet the demand. The capacity
is pictorially shown in Figure 2.1.

The installed capacity is restricted by the following constraints:

0< Dy /(1—7) < ks (2.1)

= if Dy < :
B =0 DS Th (2.3)
>0 if Dy > 7ky.

Constraints (2.1) and (2.2) are the capacity constraints for the non-peak period
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Figure 2.1: Capacity in the two periods

and the peak period, respectively; and Constraints (2.3) ensures that the capacity
of Technology 2 will be installed only when Technology 1 cannot satisfy the
demand in the peak period.

Let ¢; and f3; denote the unit capacity cost and unit production cost of Technol-
ogy 1, respectively. We assume that c; 431 < co+ f2; otherwise, Technology 2 will
be used in the non-peak period. Let v = min{(By+co/7—f1—¢1))/(1—7),¢1/7}.
If 78+ ¢y > 71 +c1, then v = ¢1/7; otherwise, v = (fa+co/7— 1 —c1)/(1—7).
Here, the conditions 785 + co > 761 + ¢; and 70 4+ ¢ < 761 + ¢1 will be used for
different cases of the optimal solutions in Section 2.4.

The electricity company’s cost function Cy(ky, k2, D1, Ds) is given by

Cy(k1, k2, D1, Ds) = ciky + coko + 1Dy + fymin{ Dy, 7ky }

+02(Dy — 7h1) ", (2.4)

where (Dy — 7k1)t = max{0, Dy — 7k1}. In the cost function (2.4), ¢;k; and
coky are the capacity costs of Technologies 1 and 2, respectively; ;D is the
production cost in the non-peak period; Sy min{ Dy, 7k1} + Bo(Dy — Tky)™ is the
production cost in the peak period; and if the capacity of Technology 1 can meet
the demand in the peak period, i.e., Dy < 7ky, then the production cost in the

peak period is equal to (51 Ds; otherwise, it is equal to B17k; + Bo(Dy — Tky).
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Let Dpy and Dpy denote the demands in the non-peak and peak periods,
respectively, under the FR tariff. Let Dy and D7y denote the demands in the
non-peak and peak periods, respectively, under the TOU tariff. Then D; =
Dri1 + Dpy and Dy = Dpy + Dpo. The company’s objective is to determine the
optimal capacity of the two technologies, i.e., (ki, k2), and the optimal prices for

the two tariffs, i.e., (po, p1,p2), SO as to maximize its profit:

mkélgx I,(k,p) = p1Dr1+p2Dro+ po(Dp1 + Di2) — Cy(k1, ko, Dy, D2)(2.5)

s.t.

0<p1 <po<ps <o (2.6)

0 < po < po; (2.7)

0< Dy =D +Dp <(1—1)ky;

0 < Dy = Drps+ Dpy < 7(ky + ka);

ks {: 0 if Dy < 7ky;

>0 if Dy > 7ky.

Here, C,(k1, ko, D1, Ds) is the company’s cost function, which is determined by
Equation (2.4). Constraints (2.6) and (2.7) are the price constraints. The other
three constraints are the same as Constraints (2.1), (2.2), and (2.3).

In this chapter we consider two models, namely price inelasticity of total
demand and price elasticity of demand. They are presented in Sections 2.4 and
2.5, respectively. Table 2.2 summarizes the major notation for the general model
setting in this chapter, and we will introduce and define additional notation when

needed. In Table 2.2, i € {1, 2} indicates Technology .

2.4 Price Inelasticity of Total Demand

In this section we consider a model with price inelasticity of total demand. We
assume that the prices do not affect the total demand for electricity. This as-
sumption is supported by some studies in the electricity literature (see, e.g.,
Henley and Peirson 1994, Faruqui and George 2005). In addition, as a flat price

is charged under the FR tariff, we assume that the demands in both periods are
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Table 2.2: Notation of Chapter 2

k; installed capacity of Technology i;

T percentage of time of the peak period;

Bi unit production cost of Technology i;

& unit capacity cost of Technology i;

Cy(4) the electricity company’s cost function;

Q the proportion of customers who use the TOU tariff, o € (0, 1];

N total numbers of customer in the market, so the number of cus-
tomers using the TOU tariff is a/V;

Do electricity price for the FR tariff;

D1, P2 electricity prices in the non-peak and peak periods, respectively,

for the TOU tariff;

Dpy, Dpy  demands in the non-peak and peak periods, respectively, under the
FR tariff;

Dr1, Dy demands in the non-peak and peak periods, respectively, under the
TOU tariff;

Dy, D, total demands in the non-peak and peak periods, respectively.

fixed under the FR tariff. However, the prices in the non-peak and peak periods
may affect the demands under the TOU tariff. Under the TOU tariff, the price
in the non-peak period is lower than that in the peak period, so customers who
use the TOU tariff may shift some electricity consumption from the peak period

to the non-peak period.

2.4.1 Modelling

First, we let ¢; and ¢y denote the demands in the non-peak and peak periods,
respectively, if the company only offers the FR tariff. When the company offers
the TOU tariff, the total demand will be the same as the total demand when
only the FR tariff is offered. The fraction of customers still using the FR tariff is
1 — a, so the customer demands in the non-peak and peak periods under the FR
tariff are equal to (1 —a)q; and (1 — a)ga, respectively, i.e., Dpy = (1 —a)q and
Dpy = (1—a)go. The customer demands in the non-peak and peak periods under
the TOU tariff are equal to ag; and gy, respectively, if no consumption shifting
behaviour occurs. Let qo = 7(1—7)(q2/T —aq1 /(1 — 7)), where ¢o/7 and ¢, /(1 —7)
are the average demands for the peak and non-peak periods, respectively, if there

is no consumption shifting. It is reasonable to assume that the average demand
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in the peak period is not less than that in the non-peak period, so we set ¢y > 0.

A flat price is charged to customers under the FR tariff, so customers have
no incentive to shift consumption from the peak period to the non-peak period.
However, customers under the TOU tariff have an incentive to shift consumption
if it can save their electricity bills. For example, under the TOU tariff, cus-
tomers may turn off the electric water heater during the peak period, do most
of the laundry and only run the dryer in the non-peak period etc. Let ¢! be the
amount of shifted consumption from the peak period to the non-peak period by
an individual TOU customer, given p; and py. And we define ¢, = aN¢’ as the
shifted consumption by all the customers under the TOU tariff. Note that the
total amount of the shifted consumption will not exceed the total demand under
the TOU tariff, i.e, ¢s < age. Then, after shifting, the customer demands in the
non-peak and the peak period under the TOU tariff are equal to aq; + ¢, and
aqo — (s, respectively, i.e., Dy = aq) + ¢ and Dpy = ags — qs. Then the total
demands in non-peak period and the peak period are determined by Dy = ¢; + ¢
and Dy = ¢o — s, respectively. Table 2.3 presents customers’ electricity demands

under the two tariffs after consumption shifting.

Table 2.3: Demand in the model with price inelasticity of total demand

Tariff Demand in the Demand in
non-peak period the peak period
FR tariff (1—a)q (1—a)g
TOU tarift aqr + qs Qo — (s
Total q1 + qs G2 — qs

Meanwhile, there is inconvenience for customers to shift electricity consump-
tion from the peak period to the non-peak period. We refer to such inconvenience
as the shift cost. Let g(g!) denote the function of the shift cost for a TOU cus-
tomer. We assume that ¢(0) = 0, which indicates that no shift cost will incur if
there is no shifted consumption. It is reasonable to assume that the shift cost is a
convex increasing function in the amount of shifted consumption by a customer,

so we have ¢'(¢}) > 0 and ¢”(¢") > 0. For technical convenience, we further as-
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sume ¢"”(q%) > 0. Let II.(qg,) be the function of the electricity cost for a customer
under the TOU tariff, i.e.,

9

N qy) + 9(qy)-

i q i
M.(¢) = pl(ﬁl+qs)+pz(

Let AIl, be the difference in the electricity cost between a customer under the

TOU tariff and the customer that still uses the FR tariff, i.e.,

q1 ; q2 i ; q1 q2
ATL — 11 7 kA AN ki3 1z
. pl(N+qs)+pz(N qs) +9(qy) po(N+N)
1 . A
= N{pﬂh + paga — po(q1 + Qz)} —(p2 —p1)g; +9(q;). (2.8

Let 6 = min{~, ¢’'(qo/(aN))}. To avoid trivial outcomes, we assume ¢'(0) < ~y
and All|,—0p—0) < 0*'. Here, the assumption ¢’(0) < 7 ensures that the
marginal shift cost is not too large; otherwise, no shifting is optimal to customers;
AIl|(p,=0pp=0) < 0 ensures that customers can save some electricity cost if the
price in the non-peak period is equal to zero (i.e., p; = 0) and the price in the
peak period is equal to the marginal shift cost or a cost that is related to the
average production or capacity cost (i.e., po = 0 = min{g¢'(qo/(aN)),~v}).

We apply a Stackelberg game to study the model with price inelasticity of
total demand in this chapter. The electricity company, acting as the Stackelberg
leader, decides the capacity, i.e., (ki, k2), and the electricity prices, i.e., (po, p1, p2)-
The customer under the TOU tariff, acting as Stackelberg followers, decides the
amount of electricity consumption to shift from the peak period to the non-peak

period, i.e., ¢!, given the prices of electricity.

2.4.2 Analysis and solution

We apply the backward sequential decision-making approach to solve our prob-
lems. First, we assume that the prices are given and known to the customers,
under which we model the customer’s problem and obtain the optimal re-
sponse of shifted consumption, i.e., ¢(p1,p2), for a customer under the TOU

tariff. Note that the total shifted consumption g¢s(p1,p2) will be determined

218ee Appendix A for the optimal results of these trivial cases
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at the same time, as we consider homogenous TOU customers and we have
qs(p1,p2) = aNqi(p1,p2). Given the optimal response of shifted consumption,
we then solve the electricity company’s problem and obtain its optimal capacity

and pricing decisions.
Customer’s problem

We analyze and solve the customer’s problem in this subsection. As a flat tariff is
charged to customers under the FR tariff, the objective of the customer’s problem
is to minimize the customer’s electricity cost under the TOU tariff by optimally
setting the shifted consumption ¢':
min  IT.(¢%).
q4€[0,q2/N] o(2:)

By minimizing the objective function II.(q) over ¢!, we obtain the following

results.

Proposition 2.1 Given p; and ps, the customer’s optimal response of shifted
consumption is as follows: if ¢'(0) > pa — p1, then ¢ (p1,p2) = 0; if ¢'(q2/N) <
p2 — p1, then ¢ (p1,p2) = qa/N; otherwise, it is uniquely determined by

J(d) = p2—p (2.9)

Proposition 2.1 indicates that if the marginal shift cost is too high, i.e., ¢’(0) >
pe — p1, then there is no shifting; if it is too low, i.e., ¢’(¢2/N) < py — p1, then
customers will shift all consumption from the peak period to the non-peak period;
otherwise, it is determined by the first-order condition of the customer’s cost
function, where the marginal shift cost is equal to the marginal profit, i.e., ¢'(¢%) =
p2 — p1. It can be shown that the optimal solutions for the other two cases lie
on the boundary of the case where ¢'(q') = py — p1, implying that the global
optimal solutions are obtained from the case where ¢'(¢%) = ps — p;. For such
a scenario, we say that the case where ¢/(¢') = py — p1 dominates the other

two trivial cases. So, in the sequel, we only present the analysis and results

20



for the case ¢'(0) < py — p1 < ¢'(q2/N) such that ¢'(¢}) = p» — p1. Next, we
consider the company’s problem, given the customer’s optimal response of shifted

consumption.

Company’s problem

Knowing the customer’s optimal response of shifted consumption, i.e., ¢’ (p1, p2)
(and then ¢,(p1,p2) = aNqi(p1,p2)), the company’s problem is to maximize its
profit by optimally determining the capacity decisions, i.e., k = (ki,ks), and
prices, i.e., p = (po, p1, p2). The objective function is derived from (2.5) and

I,(k,p) = pilag + ¢(p1,p2)) + p2(age — ¢s(p1.p2)) + po(l — @) (g1 + ¢2)

—Cy(k1, ko, g1 + qs(p1,02), @2 — qs(p1, p2)).

Besides the Constraints (2.1), (2.2), (2.3), (2.6), and (2.7), we need to ensure that
the customers will not be hurt if the TOU tariff is offered, i.e., All, < 0, where
All, is expressed in Equation (2.8).

We use the sequential decision-making approach to solve the company’s prob-
lem. Under this approach, the company’s problem can be reduced to an opti-
mization problem over the decision variables p by first solving for the optimal
values of k as functions of p, and then substituting the results back to II,(k, p).
Thus, we solve the company’s problem by two steps. First, we assume that the
prices are given, under which we solve the company’s problem and obtain the
optimal responses of capacities, i.e., k(p). In the second step, we obtain the
optimal prices, i.e., p*, given the optimal responses of capacities. This approach
can guarantee the optimality of the solution, and is widely used in the literature,
such as Petruzzi and Dada (1999) and Wang et al. (2004).

(1) Capacity decisions

By analyzing the objective function of the company’s problem, we find the

optimal response of capacity as presented in Theorem 2.1.
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Theorem 2.1 The optimal capacity (ki(p), k2(p)) is determined as follows:

( (q1+qs(p17p2) QO*QS(phPQ))

1—+ ' 7 (1-7) Zf qS(p17p2) < qo0

and TPy + co < TS + ¢q;
(ki(p),ka(p)) = (L=lenrz) g if 4s(p1,p2) < qo
and 7P 4+ co > TP1 + ¢1;
if qs(p1,p2) = qo-

\ (q1+qf£z;1,p2) : O)

Theorem 2.1 gives the optimal capacity for the company. Since we have
qs = aNq', it is straightforward to see that the optimal capacity decisions will
be affected by the proportion of customers using the TOU tariff. We define three
cases of the optimal capacity, which are pictorially shown in Figure 2.2.

qs

Py
ads
Case lll: (ky, k) = (q;—ifsr 0)
qo
Case l: (ky, ky) = (q;irzs,:("l__qr‘;) Case ll: (k1 ky) = (—qz;qs,O)
0 ™6+ e+

Figure 2.2: Three cases of the model with price inelasticity of total demand

Case I: (ki(p), k2(p)) = (qﬁqul’pg), qo;‘ﬁ(f’;sm)). In this case, the company
installs both technologies to generate electricity for customers. This case happens
when the shifted consumption and production cost of Technology 2 are small, i.e.,
qs(p1,p2) < qo and 7P + c2 < TSy + 1.

Case II: (ki(p), k2(p)) = (M,O). In this case, the company only
installs Technology 1 to generate electricity, which can meet the demands in both
the non-peak period and the peak period. This case happens when the shifted
consumption is small, i.e., gs(p1,p2) < qo, but the production cost of Technology
2 is large, i.e., 70 + co > T + 1.

Case III: (ki(p), k2(p)) = (%,O). In this case, the company also

only installs Technology 1 to generate electricity. This case happens when the
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shifted consumption is large, i.e., gs(p1,p2) > qo-

The results are intuitive. When the shifted consumption is large, the remain-
ing consumption in the peak period will be small, so the electricity generated
by Technology 1 can meet the demand in the peak period. Then the com-
pany does not need to install Technology 2 (Case III happens). If the shifted
consumption is small, then the installation of Technology 2 is determined by
the costs of the technologies. If the cost of Technology 2 is too large, then
the optimal strategy for the company is not to install this technology and only
use Technology 1 to generate electricity (Case II happens); otherwise, the com-
pany will install both technologies with total capacity (ga — qs(p1,p2))/T (because

k1(p1, p2) + k2(p1,p2) = (g2 — qs(p1, p2))/7) in this situation and Case I happens).

Remark 2.1 In Figure 2.2, we assume that qo < «aqs. If qo > aqo, then only

Cases I and II are possible.

Remark 2.2 The optimal capacity is continuous in qs, which means that the
capacity values for the three cases are equal when qs(p1,p2) = qo. Regarding the
horizontal axis in Figure 2.2, we have I1,(k, p) = a(p1qqi + p2ga) + (1 — &) po(qr +

q2) — (p2—p1+ 51— B2)qs(p1, p2) — Brq1 — Bagz — calkr + k) when 7P +co = 71 +cx,
where the values of co(ky + ko) are equal for Cases Il and II1.

(2) Price decisions

With the substitution of the optimal response of capacity into the company’s
profit function, our objective is to maximize the profit function by optimally
setting the prices of electricity. The company’s profit function can be expressed

as follows:

c e
Iy — (pQ —DP1— ﬁ(ﬁQ + 672 —p1— cl)>qs(p1,p2) - o 1)Q1:5.62+ =)o

I,(p) = for Case I;
g =
o — (p2 —p1 — %)%(Pl,m) — Bi(qn + q2) — cqu for Case II;
o — (p2 — p1 + 125)6s(p1, p2) — Bilar + @) — c172s for Case 111,

where Iy = a(p1q1 + p2ge) + (1 — @)po(q1 + ¢2).
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Note that gs(p1, p2) is a function of p; and pe, and it is not affected by changes
in po. So it is straightforward to see that II,(p) is increasing in py. Thus, the
upper bound on py is optimal for the company, i.e., p§ = po. As Constraints (2.6)
and (2.7) indicate, there is a condition for py such that py < min{ps, po}. Then,
in fact, we have two cases here: one is pj; = py and the other is pj = p,, but it

can be shown that the latter case is dominated by the former one.
Lemma 2.1 Case III is dominated by Case I or Case II.

Lemma 2.1 indicates that the optimal solution for Case III lies on the bound-
ary of Case I or Case II. Then we can solve the problem by analyzing Cases I and

IT, thus obtaining Theorem 2.2.

Theorem 2.2 The optimal prices in the non-peak and peak periods, and the op-

timal shifted consumption by the customers are shown in Table 2.4.

Table 2.4: Optimal prices and shifted consumption for the model with price
inelasticity of total demand

Case Sub-case i Py 4 All,
pp  EmZe o pr—0 by olgT(O) =0
< ¢(0) fpy < P < p; o P2 aNg™p—pr) =
If po < py P2 — ¢'(0) p2 0 <0
If po > pP py —0 py aNg~'(0 =
It ¢'(0)  If p§ < py < p¥ Py P2 aNg~'p—pf) =
<pP <o TPl <py <p§ pi P2 aNg~'py—pi) <0
If pp < p? 0 P2 aNg' ' (pa) <0
- Ii P22 Py Py — ¢ (@/(aN)) pi qo =
ez Mgt/ o) /@) mw <0
If po < g'(q/(aN)) 0 P2 aNg~ ' (p) <0

Here, 0 = min{v,¢'(qo/(aN))}; p3 = po + ;2-9'(0); py = po +
O(Ng'~'(0)+41)=Ng(g'"'(9))

; S is the unique solution of py for the equations: All, =

q1+q2
0, 81}9;(11’) =0, and ¢'(qs/(aN)) = pa — p1; pY is the unique solution of py for the
equations: a%;(lp) lpi=0 = 0 and ¢'(qs/(aN)) = pa; p¥ is the unique solution of py

for the equations: All.|,,—p = 0 and ¢'(¢s/(aN))

olly (p)
Op1

— p1; pl is the unique

=
solution of py for the equations: lpo=p, = 0 and ¢'(qs/(aN)) = pa — p1; and

oIl o
%ZQCH_FQS_'_(]?Z_Z%_’V)W]&N)):O
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As shown in Table 2.4, there are three cases for the optimal solutions, de-
pending on the value of pY. The price-cap regulation plays an important role in
determining the optimal price decisions. In any of these cases, if ps is large, i.e.,
P2 > ¥, then py = pB, pt =pP — 0, ¢, = aNg'~1(0), and All. = 0. This implies
that, if the price in the peak period is below its upper bound (i.e., p < py), then
the company will set the prices such that there is no difference in the electricity
cost between customers under the TOU tariff and customers still using the FR
tariff (i.e., AIl. = 0, and we say that customers cannot save electricity cost by

using the TOU tariff). Figure 2.3 illustrates the optimal solutions for the case

P&

p2—pi=0 dl,(P)/dp; =0 p,—p, =g'(0)

Figure 2.3: Optimal prices when ¢'(0) < p? < 6. Note: A = {(x1,x9)|All. =
0 and p,—p1 = ¢ 0)}, B = {(z1,22)|All. =0 and p, —py =0}, C =

{(z1,22)|AIL =0 and 222 = 0}, D = {(21,22)| %22 =0 and p, = 0},

E = {(21,2)|All, = 0 and py = po}, F = {(z1,2)| 522 = 0 and p, =
P2}, G ={(v1,22)|[p1 =0 and ps = pa}.

where ¢'(0) < pP < 0. If p, = py is above Point C, then Point B or E is optimal
for the electricity company, under which customers cannot save electricity cost by
using the TOU tariff. If po = p5 is below Point C, then Point F or G is optimal for
the electricity company, under which customers can save some electricity cost by
using the TOU tariff. Therefore, the implication of the price-cap regulation is as
follows: in order to achieve a win-win situation, where the company can get more
profit by introducing the TOU tariff (we will show this result in Subsection 2.4.3)
and customers can save electricity cost by using the TOU tariff, the government

that acts as the regulator should not set too high an upper bound on the price
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in the peak period.

Remark 2.3 [t is worth noting that, in our model setting, the electricity cost
for a customer, i.e., Il., consists of two parts: one is the actual amount charged
in the electricity bill and the other one is the shift cost due to the inconvenience
incurred for the customer to shift electricity consumption. Thus, even for the

cases where All. = 0, the customers can save on their electricity bills by using

the TOU tariff.

Remark 2.4 Instead of the price-cap regulation, if we consider an alternative
requlation where the government imposes a lower bound on customers’ electricity
cost saving, i.e., All, < —6& for § > 0, then the optimal prices can be obtained
by solving the equations: All, = —0 and ps — p; = 0. The result shows that
customers will always benefit from adopting the TOU tariff. On the other hand,
we can also show that the company can get more profit by introducing the TOU
tariff. Therefore, introducing the TOU tariff under this alternative regulation
can achieve Pareto improvement. Comparing with the results under the price-
cap requlation, we find that these two requlations are similar, but this alternative
requlation rules out the case where the customers cannot save electricity cost by

using the TOU tariff.

2.4.3 The effects of proportion of customers using the
TOU tariff

In this subsection we consider the effects of the proportion of customers who use
the TOU tariff on the company’s optimal decisions, customers’ shifted consump-
tion, and the company’s profit.

Note that the optimal price in the non-peak period under the TOU tariff may
be implicitly determined by the first-order condition for the company’s profit
function. In order to keep the results neat and generate some managerial insights,
we consider a quadratic shift cost for the customers here, i.c., g(q}) = c,(q})?,
where ¢, > 0. Then ¢'(¢!) = 2¢s¢, ¢"(¢') = 2cs, and ¢”'(¢') = 0. We obtain
that p3' = po + ¢19'(0)/(q1 + @2) = po < P2 and py’ = 7/2 — csqi/N < 6, so the
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cases where (p, p3) = (p2 — C4(0),p2) and (pi,p3) = (P2 — ¢'(qo/(aNN)), 2) will
not happen, and we have four cases for the optimal solutions as shown in Table

2.5.

Table 2.5: Optimal prices and shifted consumption with a quadratic shift cost
for the model with price inelasticity of total demand

Cases (p}, %) q: Al

P2 > pY (¥ —0,0%) o =0

(i <p2<pfandpy <0)  op oy snaty/@aarreNe g
or (p§ < py < p& and p? > 0) 1,02 25 a

py < pa < p§ and pf >0 (p1, 12) (3 -5 <0

p2 < py and pf >0 (0, p2) %29_2 <0

Here, w = (p2 — po)(q1 + @2), pQB = po + O(NO + 4csqr)/(des(n + q2)),
pY =2 — (—2csq1 + v/ (2csq1)? + 4c; Nw) /N, p§ = po+ (N(7/2 — csqi /N ) (v/2 +
3¢sq1/N))/(4es(qr + @), and pf = pa — (v/2 — csq1/N) .

Proposition 2.2 The effects of a on (p},ps), ¢&, Il;, and All. are presented
in Table 2.6, where Ty = (—2csq1 + \/(2¢5q1)% + 4csNw)/(2¢5) and Ty = w —
D2(2¢sq1 + (p2 — v)N)/(2¢5). For all four cases, dki/do = —(1/7)(dqt/do) < 0

Table 2.6: The effects of o on pi,p3, ¢, 11, and All, for the model with price
inelasticity of total demand

103 @i d gz dlly dATI.
(1. p3) Jo da = i AL
GF—0p8) 00 SIS0 GNER 020 0
(1, P2) 0 0 T, >0 %(V—CNS%)ZU 0
Wm0 0 G520 wr(G-52)P220 0
(0,]72) 0 0 % )9 Z 0 T2 Z 0 0

and dky/do = 0 if 70 + co < 70y + 1, dki/da = (1/(1 — 7))(dgt/da) > 0 and
dks/da = —(1/(17(1—7)))(dqt/da) < 0 if TBy+co > 70141, and d(ki+k})/do =
—(1/7)(dq; /dar) < 0.

One might expect that the company will increase the price in the non-peak
period for customers under the TOU tariff if more customers use the TOU tariff,
as the customers under the TOU tariff have the incentive to shift some consump-

tion from the peak period to the non-peak period. However, our results show
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that the company will keep the prices unchanged when more customers use the
TOU tariff, so the amount of shifted consumption by a customer is fixed. Con-
sequently, while more consumption will be shifted from the peak period to the
non-peak period as more customers use the TOU tariff, the company needs to
install less capacity for the second technology, which is dedicated for the peak
period demand, resulting in less total capacity for the peak period demand. From
the customers’ perspective, the customers who already use the TOU tariff will
neither be hurt nor obtain additional benefit when more customers use the TOU
tariff, as the prices for the TOU tariff are unchanged and the amount of shifted
consumption by a customer is fixed if more customers use the TOU tariff. The
customers who change to use the TOU tariff from the FR tariff may save elec-
tricity cost, as we have imposed the constraint AlIl. < 0. The customers who
still use the FR tariff will not be hurt either, as the price for FR tariff is also

unchanged. From the company’s perspective, we have the following finding:

Corollary 2.1 The company can get more profit if more customers use the TOU

tariff.

2.5 Price Elasticity of Demand

There are some empirical studies on the price elasticity of demand for electricity
(e.g., Filippini 1995, Fan and Hyndman 2011). And some researchers treat elec-
tricity demand as a function of the price in their models, such as Chao (2011a,b)
and Greer (2012). In this section we consider a model with price elasticity of

demand, i.e., the demand for electricity depends on prices.

2.5.1 Modelling

Recall that in the model with price inelasticity of total demand, we consider both
the customer’s problem and the company’s problem, and we determine the shifted
consumption for the customer’s problem. However, the scenario is different here.
In the model with price elasticity of demand, we do not consider the customer’s

problem. Alternatively, the electricity consumption in the non-peak and peak
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periods is directly reflected by the demand functions.

Let Dry(p1, p2) and Dpo(pr, p2) be the demands in the non-peak period and
the peak period, respectively, under the TOU tariff. Under the FR tariff, they
are Dpy(po) and Dpa(po), respectively. We consider a linear demand function
here, i.e., an additive demand function (e.g., D(p) = a — bp) is adopted. Ex-
amples of linear demand functions for electricity consumption can be found in
Chao (2011a,b) and Greer (2012). Specifically, we let Dpi(po) = ar1 — bripo,
DFQ(pO) = apz — brapo, DT1(p1,p2) = ar1 — brip1 + rip2, and DT2(p17p2) =
are — braps + ropy. It is reasonable to model that for the FR tariff, the electricity
demands are decreasing in the price. It is also reasonable to model that for the
TOU tariff, the electricity demand in the non-peak period is decreasing in the
price in the non-peak period and increasing in the price in the peak period. The
electricity demand in the peak period is decreasing in the price in the peak period
and increasing in the price in the non-peak period. Table 2.7 presents customers’

electricity demands under the two tariffs.

Table 2.7: Demand in the model with price elasticity of demand

Tariff Demand in Demand in
art the non-peak period the peak period
FR tariff Dp1(po) = ap1 — brpipo Dpa(po) = ap2 — brapo

TOU tariff  Dry(p1, p2) = ar1 — bripr +r1ipe Dra(p1, p2) = are — braps + 1oy

Assumption 2.1 (a) byy > ry and byg > 13; (b) by > 19 and bry > 71y.

Part (a) of Assumption 2.1 is the dominant assumption. It stipulates the
relationships among the price and cross-price sensitivity parameters, which are
treated as common constraints in the literature (e.g., Maglaras and Meissner
2006). The assumption states that the demand in each period is more sensitive
to a change in its own price than it is to a simultaneous change in the prices of
the other period. Part (b) indicates that the reduced demand from one period
due to the price increase in this period is no less than the increased demand in

the other period.
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Note that the price elasticity of demand is determined by E; = pD'(p)/D(p).
Here, the price elasticity of customer demands in the non-peak and peak periods
under the FR tariff are determined by —bg1po/(ar1 — bp1po) and —bgrapo/(aps —
brapo), respectively. If bpy = 0 (bpg = 0), then the customer demand under
the FR tariff in the non-peak (peak) period is perfectly inelastic; otherwise, it
exhibits some elasticity.

Define D1 (po, p1,p2) = aDri(p1,p2) + (1 — @)Dpi(po) and Do(po, p1,p2) =
aDry(p1,p2) + (1 — a)Dpa(po) as the aggregate demands in the non-peak period
and the peak period, respectively. Similar forms of the aggregated demand func-
tion for the two tariffs can be found in Borenstein and Holland (2005). As shown
in Equation (2.5), the objective function of the company’s problem in this model

is given by

I,(k,p) = Oé<plDT1 (p1,p2) +p2DT2(p1,p2)> + (1 = a)po <DF1(]90) + DFQ(pO))

_Cg <7€17 ko, Dy (p07p17p2)7 DQ(p07p1ap2)>-

2.5.2 Analysis and solution

As before, we use the sequential decision-making approach to solve the problem
under this model. First, we assume that the prices are given, under which we solve
the problem and obtain the optimal responses of capacities, i.e., (k1(p), k2(p)). In
the second step, we obtain the optimal prices, i.e., (p§, p}, p5), given the optimal
responses of capacities.

(1) Capacity decisions

By analyzing the objective function, we obtain the optimal responses of ca-

pacities, which are presented in Theorem 2.3.

Theorem 2.3 The optimal responses of capacities (k1(p), ko(p)) are determined

as follows:
( (D1(p0,p1,p2) Da(po,p1,p2) Dl(POaPl:PQ)) if D ( pO,m P2) D2(p0 ,P1,P2)
1—7 ’ T 1—7 —
and Tﬁg + o < TP —i— 1,
(k;l (p)) k;Q(p)) — (Dz(po;phpz) : O) if D ( p107p17p2) < D2(p07p17p2)
and TPy + co > TP + cr;
D1 (po,p1,p2) D1 (po, Da(po, )
\( 11710_1771172 ,O) if 1p0p1p2 > 2poTp1p2 .
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Theorem 2.3 gives the optimal capacities for the company. The proportion
of customers using the TOU tariff will affect the capacity decisions in the model
with price elasticity of demand because different types of customers have differ-
ent demand functions, which affect capacity investment. If the total demand in
the peak period is small, i.e., Do(po, p1,p2) < TD1(po,p1,p2)/(1 — 7), then the
company only needs to install Technology 1, which can meet the demands in both
the non-peak period and the peak period. Even if the total demand in the peak
period is large, i.e., Da(po, p1,p2) = 7D1(po,p1,p2)/(1 — 7), then the company
may still not install Technology 2 because of its high cost. If the cost of Technol-
ogy 2 is low, then the company will install both technologies with total capacity
Ds(po, p1,p2)/7. Similar to the model with price inelasticity of total demand, in
this model, we define three cases for the optimal capacities, which are pictorially
shown in Figure 2.4 (where D, is an upper bound on Dy, which can be obtained

when the prices reach the lower bound).

D,

A
D,

D, D, D
Case l: (ky, ky) = (=5, =2 = =) Case Il (ky, k) = (%,0)
Dy
Tl = i
Case lll: (ky, k;) = (%, 0)
0 By +% B+

Figure 2.4: Three cases of the model with price elasticity of demand

Case I: (ki(p), k:2(p)) = (Dl(plo_”f’m), DQ(pOT’pl’m) — Dl(plo_’il’m)). In this case,
the company installs both technologies to generate electricity. This case hap-
pens when the total demand in the peak period is large, i.e., Ds(po, p1,p2) >
7D1(po, p1,p2)/(1 — 7), and the cost of Technology 2 is small, i.e., 705 + ¢ <
761 + 1.

Case IL: (ki(p), k2(p)) = (M,O). In this case, the company only
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installs Technology 1 to generate electricity, which can meet the consumption
in both the non-peak period and the peak period. This case happens when the
total demand in the peak period and the cost of Technology 2 are large, i.e.,
Ds(po, p1,p2) = 7D1(po, p1,p2)/(1 — 7) and 762 + ¢o > 71 + ¢1, respectively.

Case III: (ki(p), k2(p)) = (%, 0). In this case, the company still only
installs Technology 1 to generate electricity. This case happens when the total
demand in the peak period is small, i.e., Da(po, p1,p2) < 7D1(po, p1,p2)/(1 — 7).

(2) Price decisions

After obtaining the optimal responses of capacities, we solve the problem and
obtain the optimal prices for the three cases. With the substitution of the optimal
responses of capacities into the company’s profit function, our objective becomes
maximizing the profit function by optimally setting the electricity prices. By
analyzing the objective functions of three cases, we obtain the optimal prices,

which are presented in Theorem 2.4.

Theorem 2.4 The optimal values of prices p are determined by p; =

min{max{po, 0}, po}, pj = min{max{py,0}, p}, and p5 = min{max{ps, pj}, P2},

where
(m@“ +apy + = (b1 + e1 = 72 — 2)bp1 + (Ba + )bF2>
- for Case I,
Po = m apy + apa + P1(bp1 + bra) + %bm) for Case II,
\m ap1 + arz + B1(bry + bp2) + ﬁ—lfbm) for Case IIL
(m (r1 +19)Ag + 2braAs | for Case I
P = m (r1 +12) Ay + 2010 As )  for Case II
m (r1 +19) Ay +2bro Ay ) for Case 111
( m (r1 +12)As + 2br1 Ag ) for Case I,
P2 = m (r1 4+ 12) Az + 2bp Ay ) for Case II
m (r1 +12)A; +2bp1 As ) for Case 111

c
Ay =ar + (61 + 1—1)le — Pirg, As = aps + ﬁlbn — (61 +

As =ap + Bibr — (61 + )7“2, Ay =ars + (51 + )bT2 Biri,

1
1—T)T1’
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1 C
As = ar; + :(ﬁl +ec — 7182 — C2>bT1 - (52 + ;)T%
1

c
Ag = ary + (B2 + ?Q)bTQ - ;(61 +c1 — 70 —02)7“1~

Theorem 2.4 shows the optimal prices for the company under the three cases.
In any case, the optimal interior solutions are uniquely determined by the first-
order condition of the company’s profit function. These results are very different
from those for the model with price inelasticity of total demand.

We can solve the problem under the model with price elasticity of demand by
the following procedures: Given the parameters such as the unit production and
capacity costs, we determine the optimal capacities and prices for the company
according to Theorems 2.3 and 2.4. We then examine the solutions to see whether
they satisfy the conditions of the cases. If the results satisfy the conditions of
more than two cases, then we pick the solution that generates the most profit for

the company.

2.5.3 The effects of proportion of customers using the
TOU tariff

In this subsection we consider the effects of the proportion of customers who use
the TOU tariff on the optimal decisions and the company’s profit. For notational
simplicity, we define DY = D1 (p§, pi,p3), D5 = Da(p§, pi.05), Diy = Dr1(p}),
Diy = Dra(pt), D7y = Dra(pi, p3), and D7y = Dra(pi, p3).-

Proposition 2.3 The effects of o on (ki, k3), (p5, P, p3), and 11, are as follows:

dki _ Dy —Dpy dki _ Dpo—Dgy Dy —Diy

do. — 17 0 da = pe S for Case I,
1 — Zr2 Zp2 YR -
f;?* - . TD* 7511?‘ =0 fOT' Case [[,
1 Y Ve 2 __
doo 1—7 ' da 0 fOT Case I11.
dIl
g _ * * * k * * *
da PYDTy + P2 Dy — po(Dpy + Dipy)

1-7
- Bl(D;}l — Dppy + Dy — D;Q) + C?I(D;Q - Dfm)) Jor Case II
Bi(Diy = Diy + Dy = Dig) + 2:(Djy = D)) for Case 111

Bitci—TBa—ca (D&k“l _ D?l) + (ﬁg + %)(D;z — D}2)> for Case I,
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For all the three cases, (pg, pi,p5) are independent of a and d*11,/da? = 0.

An interesting result is that, for all the three cases, the optimal prices are
independent of the proportion of customers using the TOU tariff. This may be
because the demand under one tariff is not affected by the price under the other
tariff. As the company’s profit under the optimal decisions is a linear function of
«, it may increase or decrease with a, depending on the values of the parameters

for the demand functions and the values of the costs.

2.5.4 The effects of price elasticity of demand

We resort to numerical studies to gain an understanding of the effects of price
elasticity of demand on the price and capacity decisions, and the associated profit.
Recall that price elasticity of demand is determined by E; = pD’(p)/D(p). So the
price elasticity of demand in the non-peak and peak periods under the FR tariff
are determined by EX' = —bp1pi/(ap1 —brip)) and EI? = —bropl /(are —brap}),
respectively, and under the TOU tariff are determined by ET' = —bripi/(ar; —
bript + mips) and ET? = —brops /(ape — braps + rap}), respectively.

Unlike the multiplicative demand function, where elasticity is a constant in-
dependent of price, the elasticity of the additive demand function is related to
price. So it is very complicated to analyze the effects of price elasticity of the
additive demand function directly. On the other hand, for an additive demand
function, such as D(p) = a — bp, demand is decreasing in b, given p. To a certain
extent, the parameter of price sensitivity, i.e., b, reflects the price elasticity of
demand. So, in this subsection, we study the effects of price elasticity of demand
through investigating the effects of price sensitivity parameters, i.e., bg1, bpa, b1,
and bps.

In all the numerical examples, we set ap; = 1200,ap, = 1800,a7 =
1300, ary = 1700, = 1,79 = 1,7 = 1/3,a = 1/3,5; = 5,8, = 10,¢; = 10,
and ¢ = 20/3. We set byy = 7 and bpy = 4; let bp; change values within
{2.5,3,3.5,- -+ ,6.5, 7} with bpg = 5 to assess the effects of price elasticity associ-
ated with changes in bgy, and let bpy change values within {2.5,3,3.5,--- 6.5, 7}
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with by = 4 to assess the effects of price elasticity associated with changes in
bro. Regarding the effects of by and bpo, we set bpy = 3 and bpy = 4. We
let byy change values within {4.5,5,5.5,---,8.5,9} with by = 4 to assess the
effects of price elasticity associated with changes in by, and let by change values
from {2.2,2.4,2.6,---,3.8,4} with by; = 7 to assess the effects of price elasticity

associated with changes in bps.

—s— Price elasticity of demand D |

e period for Scheme TOU
k period for Scheme TOU|

-4
25 3 35 4 45 5 55 6 65 17 25 3 35 4 45 5 55 6 65 7
bey bey

(a) Price elasticity of demand  (b) Prices for the FR and TOU tar-
iffs

—+— Capacily of Technology 1]
—o— Capacity of Technology 2

25 3 35 4 45 5 55 6 6.5 7 25 3 35 4 45 5 55 6 6.5 7
bgy bgy

(¢) Capacity investment (d) Company’s profit

Figure 2.5: Effects of price elasticity of demand associated with changes in bp;.

The effects of price elasticity of demand under the FR tariff are shown in
Figures 2.5 and 2.6. The price elasticity of demand in the non-peak (peak)
period under the FR tariff, i.e., Ef' (EI?), decreases as price sensitivity b
(bpo) increases. This means that the demand in the non-peak (peak) period
under the FR tariff is more elastic when it is more sensitive to price. On the
other hand, the price for the FR tariff and the company’s profit decrease when
the price sensitivity bgy (bps) increases. Consequently, we conclude that the price
for the FR tariff and the company’s profit both decrease when the demand under
the FR tariff is more elastic to price.

Figure 2.5(c) shows that the capacity of Technology 1 (2) decreases (increases)
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Figure 2.6: Effects of price elasticity of demand associated with changes in bps.

in bpy. It is because, on the one hand, the demand in the non-peak period under
the FR tariff, which directly determines the capacity of Technology 1, decreases
when customers are more sensitive to price. On the other hand, the demand in
the peak period under the FR tariff increases as price decreases. So the capacity
of Technology 2 increases because it equals Dy /7 — D1/(1 —7) here. The changes
in capacity as shown in Figure 2.6(c) can be explained similarly.

Figures 2.7 and 2.8 show the effects of price elasticity of demand under the
TOU tariff. After a slight increase, the price elasticity of demand in the non-
peak period under the TOU tariff, i.e., ET! decreases as the price sensitivity bz,
increases. This result is different from that for price elasticity of demand under
the FR tariff, where the price elasticity of demand in the non-peak (peak) period
under the FR tariff always decreases in bgy (bpo). Here, the price elasticity of
demand in the peak period, i.e., EZ2, still decreases in the price sensitivity brs.
Similar to the effects of bpy and bgg, both prices (i.e., the prices in the non-peak
and the peak period) for the TOU tariff and the company’s profit decrease as

the price sensitivity br; and bpo increase. In view of the non-monotonicity of
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Figure 2.7: Effects of price elasticity of demand associated with changes in br;.
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the price elasticity of demand in the non-peak period under the TOU tariff (see
Figure 2.7(a)), we cannot conclude that the prices for the TOU tariff and the
company’s profit decrease when the demand in the non-peak period under the
TOU tariff is more elastic to price.

Figures 2.7(c) and 2.8(c) show the changes in capacity. Unlike the large
changes in capacity in Figures 2.5(c) and 2.6(c), the changes in capacity are very
small when br; and bps increase. The capacity of Technology 1 is even unchanged
when bry increases. Note that the prices for the non-peak and the peak period
under the TOU tariff, i.e., p; and ps, decrease as byy (or brs) increases, so under
the increasing effect of by (or bry) and decreasing effects of p; and p,, the demand
in the non-peak period or the peak period under the TOU tariff may not change
drastically. This leads to small changes in capacity because capacity is mainly

determined by demand.

2.6 Conclusions

In this chapter we consider an electricity market in which an electricity company
generates electricity for customers under a mixed tariff structure that comprises
the FR and TOU tariffs. Under the FR tariff, customers pay a flat price for
electricity consumption over the whole period. Under the TOU tariff, customers
pay a high price for electricity consumption in the peak period and a low price
for electricity consumption in the non-peak period.

We present two models in this chapter. The first model is characterized by
price inelasticity of total demand, i.e., price does not affect the total consumption
of electricity. Customers under the TOU tariff can save electricity cost by shifting
some consumption from the peak period to the non-peak period. We find the
optimal shifted consumption for the customers. The second model is characterized
by price elasticity of demand, i.e., demand is affected by price. For both models,
we find the optimal capacity and pricing policies for the electricity company.

By studying the effects of the proportion of customers using the TOU tariff, we

find the following managerial insights, which are useful to electricity companies:
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For both the model with price inelasticity of total demand and the model with
price elasticity of demand, the company will not change the optimal prices when
more customers use the TOU tariff. For the model with the price inelasticity
of total demand, even though the amount of shifted consumption by a customer
is fixed due to the unchanged optimal prices, the total consumption by all the
customers will increase if more customers use the TOU tariff, leading to a decrease
in capacity investment for the peak period. For the model with price elasticity
of demand, the effects of the proportion of customers using the TOU tariff on
capacity investment and the company’s profit depend on the parameters of the
demand functions. We further analyze the effects of price sensitivity on the
model with price elasticity of demand. Our results show that the prices and the

company’s profit are non-increasing when customers are more sensitive to price.
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Chapter 3

Electricity Time-of-use Tariff
with Stochastic Shifted
Consumption

3.1 Introduction

It is crucial to find ways to promote energy efficiency in the electricity generation
and consumption (IEA 2010, ACEEE 2014). Currently, many electricity cus-
tomers use the traditional flat-rate (FR) tariff, under which the customers pay
the same flat price for each unit of electricity consumption. However, this tariff
dampens the incentive for the customers to reduce the electricity usage in the
peak period.

Reducing peak period demand may save the electricity cost, yield energy save,
and improve energy efficiency (York et al. 2007, EPA 2008). First, reducing
peak period demand can reduce the electricity load in the peak period, so that
the electricity company can avoid additional technology installation and save
its electricity costs for the peak period. Second, reducing peak period demand
can reduce the transmission loss and save the electricity energy (Triki and Violi
2009, Faruqui et al. 2007). Third, in electricity generation, reducing peak period
demand can improve the energy efficiency. It is because that the peak load plants
for generating electricity operate on high cost and less energy-efficient fuels, such
as natural gas, while the base load plants for generating electricity operate on

low cost and more energy-efficient fuels, such as coal (The Electropaedia 2005,
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WiseGEEK 2013).

Motivated by the fundamental problem of in-efficient pricing mechanism for
electricity under the FR tariff, in this chapter we further study another pricing
mechanism, i.e., the time-of-use (TOU) tariff, which helps achieve the goal of
energy efficiency. In Chapter 2, we have studied the optimal capacity and pricing
policies for an electricity company with time-of-use tariff. Although we have
shown that the customers have the incentive to shift the electricity consumption
from the peak period to the non-peak period under the TOU tariff, the amount
of the shifted consumption may be uncertain. So we consider the electricity
time-of-use tariff with stochastic shifted consumption in this chapter.

The TOU tariff has been implemented in some countries in Furope, some
states in the U.S., and some cities in Asia (RAP 2008, CEA 2009). But the
fundamental questions of implementing the TOU tariff with the consideration
of stochastic shifted consumption are still unanswered. First, although early
work has shown that the TOU tariff can reduce the peak period demand, it
is still open for the question: (1) How many capacities should be installed to
meet the demands in both the peak and non-peak periods? Second, we also
need to answer the question: (2) With the uncertainty of shifted consumption,
what should be the optimal electricity prices for the peak and non-peak periods?
Third, some electricity markets have a mixed tariff structure under which some
customers use the TOU tariff while the others use the FR tariff. Examples can
be found in Australia, Canada, and the U.S. (CEA 2009, Prins 2012). But, the
proportion of customers using the TOU tariff may be changing. For example, the
department of Public Utility Control in Connecticut in the U.S. directed all the
utility companies to phase in the mandatory TOU tariff for all the customers. In
other words, in each succeeding year, the mandatory TOU tariff would be applied
to additional customers based on declining levels of consumption (Friedman 2011,
Jessoe and Rapson 2014). On the other hand, the electricity consumption will
increase in the future and the electricity market size may expand as well. So

the third question is: (3) What are the effects of demands, market size, and
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proportion of customers using the TOU tariff on the optimal capacity and price
decisions? Fourth, it is also unanswered for the question: (4) What are the effects
of cost parameters, such as the production, capacity and shortage costs, on the
implementation of the TOU tariff? To get an in-depth understanding of the TOU
tariff, in this chapter we further investigate the optimal capacity investment and
pricing decisions for an electricity company with the TOU tariff, and answer the
above fundamental questions.

Similar to the setting in Chapter 2, in this chapter, we consider a verti-
cally integrated electricity company which determines the amounts of the in-
stalled capacities and the electricity prices, and is responsible for meeting the
market demand for electricity. The electricity company is regulated under
the price-cap regulation, which sets an upper bound on an index of the regu-
lated firm’s price (Sappington and Sibley 1992, Braeutigam and Panzar 1993,
Regulationbodyofknowledge.org 2014). The electricity company offers a mixed
tariff structure to the customers. A fraction of customers use the TOU tariff
and the remaining fraction of customers use the FR tariff. Two technologies are
considered to be installed for generating electricity in the two periods, i.e., the
peak and non-peak periods, for the customers. The first technology is used to
generate electricity for demands in both periods, while the second technology is
used to generate electricity only for the demand in the peak period. We refer
to the first and second technologies as the base-load technology and peak-load
technology, respectively. The base-load technology (e.g., using coal or nuclear
to generate electricity) usually has low production cost and high capacity cost,
while the peak-load technology (e.g., using natural gas to generate electricity)
usually has high production cost and low capacity cost. It is a common strategy
to use the base-load and peak-load technologies to generate electricity in the elec-
tricity generation industry (The Electropaedia 2005, Pineau and Zaccour 2007,
WiseGEEK 2013). In Chapter 2, we study both the model with price inelasticity
of total demand and the model with price elasticity of demand. However, in this

chapter, we only consider the setting that the total demand will be unchanged
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when the TOU tariff is introduced to the customers. We first derive the optimal
capacity investments and the optimal prices for the TOU tariff. After that, we
analyze the effects of the demands, market size, proportion of customers using
the TOU tariff, and cost parameters on the optimal solutions.

In summary, this chapter makes the following contributions:

1. We model the TOU tariff by considering the customers’ uncertain behaviour
of shifting the electricity consumption. Our work not only methodologically
relates to the Operations Management/Operations Research (OM/OR) lit-
erature, but also contextually relates to the OM/OR, Energy, and Eco-
nomics literatures. By studying the interfaces of these bodies of work, we
develop novel insights for the electricity company to implement the TOU
tariff.

2. We obtain the optimal capacity investments for the peak and non-peak
periods. The costs play critical roles in rationing the capacities to meet
the demands. The capacity of Technology 2 and total capacity for the
peak period demand both increase in the price for the non-peak period
and decrease in the price for the peak period, for the TOU tariff. We also
obtain the optimal prices for the TOU tariff. There is a unique optimal
value of the price in the non-peak period, while there are three possible
optimal values for the price in the peak period, depending on the price
sensitivity parameters and the upper bound of the price in the peak period
(i.e., price-cap set by the regulator). It is interesting to show that it may
not be optimal to the electricity company to let the customers shifting too

much consumption from the peak period to the non-peak period.

3. We analytically examine the behaviour of the optimal solutions with respect
to the demands, electricity company’s market size, proportion of customers
using the TOU tariff, and cost parameters (such as production, capacity
and shortage costs). Important insights and managerial implications are

discussed.
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The remainder of this chapter is structured as follows: In Section 3.2, we
review the related literature. In Section 3.3, we present the model setting of this
chapter. In Section 3.4, we study the optimal capacity investment and pricing
decisions. In Section 3.5, we do some comparative statics with respect to the
demands, market size, proportion of customers using the TOU tariff, and cost
parameters. Conclusions are given in Section 3.6. We provide all the proofs in

Appendix B.

3.2 Literature Review

Our work is related to three streams of research. The first one is the literature
on the time-varying electricity prices. In the Economics and Energy literature,
some papers consider the customer or demand response to time-varying elec-
tricity prices, such as Henley and Peirson (1994), Faruqui and George (2005),
Herter at al. (2007), Chao (2010), and Faruqui and Sergici (2010); some other
papers study the other effects of time-varying electricity prices (e.g., the effects
on capacity investments, wholesale prices), such as Holland and Mansur (2005),
Borenstein and Holland (2005), Faruqui et al. (2007), Pineau and Zaccour
(2007), and Chao (2011a). These studies highlight the importance of the time-
varying electricity prices, but most of them do not model the customer’s shifting
behaviour.

In the OM/OR literature, Garcia et al. (2005) examine the dynamic pricing
and learning in an infinite-horizon oligopoly model in electricity markets. With
a transfer function model, Nogales and Conejo (2006) study the electricity price
forecasting based on both past electricity prices and demands. Triki and Violi
(2009) investigate the dynamic pricing of electricity in retail markets, through
a two-stage pricing scheme where the customer is offered a first-stage TOU
tariff and then a dynamic component once the real-time demand is observed.
Banal-Estafiol and Micola (2009) study by simulation how the diversification of
electricity generation portfolios affect wholesale prices. However, most of these

papers do not consider the customer behaviour of shifting electricity consump-
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tion from a period of higher price to a period of lower price. Yang et al. (2013)
analyze the TOU tariff for an electricity company taking the customer behaviour
into consideration. Yet unlike our model, theirs does not consider a mixed tariff
structure where some customers use the TOU tariff and the rest of the customers
use the FR tariff; and theirs does not consider the uncertainty in the shifted
consumption.

The second stream of research related to our work is the capacity choice and
peak load pricing in electricity markets in the Economics literature. This frame-
work considers the pricing and capacity investment problems with the stochastic
demand and diverse technologies with different cost characteristics. For instance,
Carlton (1977) and Crew and Kleindorfer (1978) investigate some peak load
pricing problems with stochastic demand, which are extended by Chao (1983)
and Kleindorfer and Fernando (1993) to consider supply uncertainty. Compre-
hensive reviews of this subject can be found in Crew et al. (1995). This research
stream is structurally similar to our setting of the TOU tariff, but our work is
mainly from the electricity company’s perspective and the other studies are from
the social welfare perspective. Besides, our work explicitly models the shift con-
sumption behaviour due to the price difference in the two periods, and considers
the FR tariff co-existing with the TOU tariff, which allows us to study the effects
of the proportion of customers using TOU tariff and other cost parameters.

In this chapter, we consider to use two technologies, as base-load and
peak-load technologies, to generate the electricity, and study the capacity
investments in technologies with uncertainty, so the third related stream
of research includes the works on the investment in technologies. In
the OM/OR literature, many papers have modified or extended the clas-
sic newsvendor model and studied the strategic capacity management (e.g.,
Van Mieghem 1998, Harrison and Van Mieghem 1999, Van Mieghem and Rudi
2002). Van Mieghem (2003) provides a review on the literature of strate-
gic capacity management, which is concerned with determining the types,

sizes, and timing of capacity investments and adjustments under uncertainty.
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This framework has been extended to other related settings. For example,
Goyal and Netessine (2007) study the technology choice and capacity investment
of two firms with stochastic price-dependent demand in a competitive environ-
ment. Yang et al. (2011) examine how market uncertainty, costs, and operation
timing affect a firm’s strategic decisions on the flexible technology and flexible
capacity. Boyabatli and Toktay (2011) consider a monopolistic firm that decides
the technology choice and capacity level with demand uncertainty in imperfect
capital markets, where the firm is budget constrained which can be relaxed by
borrowing money from a creditor. Kashefi (2012) investigates the effect of a
non-sale capacity market on the decisions of the technology choice and capacity
investment of two firms with competition and uncertain demand. Recently, there
has been growing literature on technology choice and capacity investment in the
energy market, and on environmental issues. For instance, Sénmez et al. (2012)
study the strategic technology selection, choices around technology configura-
tion and capacity for the incumbent and emerging technologies in the liquefied
natural gas industry. By modelling the trade-off between renewable and nonre-
newable technologies, Aflaki and Netessine (2012) investigate the incentives for
investing in renewable electricity generating capacity. Drake et al. (2012) study
the technology choice and capacity investment under emission tax and emission
cap-and-trade regulation, through a two-stage model where the firm determines
capacities in two technologies in the first stage; demand information is realized
given at certain time between two stages; and then the firm determines production
quantities in the second stage. Filomena et al. (2014) analyze the technology se-
lection and capacity investment for electricity generation in a competitive market
with the consideration of uncertain marginal cost.

In the Energy Economics literature, Wickart and Madlener (2007) develop
an economic model to examine the optimal technology choice and invest-
ment timing with the consideration of cost (e.g., input fuel price) uncertainty.
Westner and Madlener (2012) use a spread-based real options approach to study

the investment in a condensing power plant without heat utilization or a plant
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with combined heat-and-power generation. Tuthill (2008) and Schwerin (2013)
investigate the effects of emission costs on the investments of dirty and clean
technologies.

One important feature distinguishing our work from the studies in the in-
vestment in technologies is that these papers do not consider the pricing issues,
while our work considers the time-varying electricity pricing mechanism to re-
duce the demand in the peak period. Of the exceptions, Bish and Wang (2004),
Chod and Rudi (2005), Biller et al. (2006) and Bish et al. (2012) study the ca-
pacity investment with a pricing issue, but focus on responsive pricing (or price
postponement) where the pricing decision is made after the demands are real-
ized. However, in our work the electricity prices are determined before realizing

the demand information.

3.3 Modelling

In this chapter we consider a vertically integrated electricity company which not
only determines the capacity for generating electricity, but also sets the electricity
prices for the customers. We consider a scenario that the time of electricity usage
is divided into two periods: the peak period and the non-peak period. Let T
denote the total period time, e.g., one day, and let 7 denote the percentage of
the peak period time over the total period time. Without loss of generality,
we normalize T" = 1. The fact that the peak-load capacity is only used “few”
hours a day has been empirically observed, consequently, we assume that 7 < 1/2
(Pineau and Zaccour 2007).

Two technologies are considered to be installed for generating electricity, i.e.,
Technologies 1 and 2. Let k; denote the capacity needed to be installed for
Technology i, i € {1,2} (e.g., in megawatt, which is a unit to measure the rate
of energy conversion or transfer), and k = (ki,k2). Similar to the setting in
Yang et al. (2013) and Pineau and Zaccour (2007), we assume that Technology
1 will be used all the time during the whole period, while Technology 2 will be used

only during the peak period. So k; and ky are generally referred to as base-load
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and peak-load capacities, respectively. Then (1 — 7)k; is the installed capacity of
Technology 1 for the non-peak period demand, and 7k; is the installed capacity
of Technology 1 for the peak period demand. Note that electricity generation
capacity is measured in units of power, e.g., megawatt, in other words, we can
say that it is measured as a maximum rate of energy per unit time, so 7ky (rather
than ks) is the capacity of Technology 2 for the peak-period demand. We then
let k, = 7(k1 + ko), which is the total capacity for the peak period demand.

Let ¢; and f3; denote the unit capacity cost and unit production cost of Tech-
nology i, respectively. It is well known that the peak-load technology, i.e., Tech-
nology 2, typically has lower capacity cost and higher production cost comparing
with the base-load technology, i.e., Technology 1, thus we have ¢; > ¢y and
p1 < Po (Crew et al. 1995, Pineau and Zaccour 2007). The shortage cost will
be incurred if the demands exceed the installed capacities. Let v; and vy de-
note the unit shortage costs for the non-peak period and peak period demands,
respectively. On one hand, the shortage costs could be referred to as costs of
the operating reserves. Here, operating reserves are often referred to as ancillary
services to help ensure grid reliability for the electric power system, by keeping
partially loaded spinning generators available to respond to random variation
in demand and system contingencies (Hummon et al. 2013). Hummon et al.
(2013) use a simulation tool to evaluate the cost of operating reserve services,
and find that the total cost of providing reserves adds about 2% to the total cost
of providing energy. On the other hand, the shortage costs can be referred to as
the electricity prices to purchase the additional electricity from outside markets.
Therefore, it is reasonable to assume that vy > (; and vy > (5. Furthermore,
we assume v; < [y + ¢, indicating that the electricity company will not use the
peak-load technology to generate the electricity for the shortage in the non-peak
period.

We let 27 = max{0, 2} for any real number x. Let D; > 0 and Dy > 0 denote

the demands in the non-peak and peak periods, respectively. The electricity
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company’s expected cost function C'(k, Dy, Dy) can be expressed as follows:
C(k,Dy,Dy) = Eleiky + coko + Bymin{ Dy, (1 — 1)k} +vi(Dy — (1 — 7)ky) "
+By min{ Dy, 7k1} + fomin{(Dy — 7ky) ", Tko}
+v9(Dy — Thy — Tho) ). (3.1)

In the cost function (3.1), the first and second terms are the capacity costs for
Technologies 1 and 2, respectively; the third and forth terms are the production
cost and shortage cost in the non-peak period, respectively; the fifth and sixth
terms are the production costs associated with Technologies 1 and 2, respectively,
in the peak period; and the last term is the shortage cost in the peak period.

We consider a single-period planning horizon problem. Before starting the
planning horizon, the electricity company only offers the FR tariff to the cus-
tomers. We define ¢; and ¢y as the original total demands in the non-peak and
peak periods, respectively (i.e., the demands in the non-peak and peak periods,
respectively, if the company only offers the FR tariff to the customers). It is
reasonable to assume that the average demand in the peak period is not less
than that in the non-peak period, i.e, ¢2/7 > ¢ /(1 — 7). At the beginning of
the planning horizon, the electricity company introduces the TOU tariff to the
customers, such that there is a mixed tariff structure for the customers in the
planning horizon. A fraction « € (0, 1] of the customers are under the TOU tariff
and thus the remaining fraction 1 — « of the customers are under the FR tariff.
We first assume that « is given, and later we will investigate the effects of a on
the optimal solutions. Let N denote the number of customers in the market,
then the number of customers using the TOU tariff is a/N. We assume that the
total demand is unchanged when the TOU tariff is introduced to the customers.
The fraction of customers still using the FR tariff is 1 — a. So the demands in
the non-peak and peak periods under the FR tariff are (1 — a)¢; and (1 — «)qgq,
respectively. The demands in the non-peak and peak periods under the TOU
tariff are avg; and aqq, respectively, if there is no shifted consumption.

Under the FR tariff, the customers pay a flat price py for the electricity con-

sumption in both the non-peak period and the peak period. As the customers
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under the FR tariff have no incentive to shift the consumption from the peak
period to the non-peak period, the electricity company will simply choose the
upper bound of py for FR tariff, given by the regulator, to maximize its profit.
Therefore, in this chapter, we assume that py is given and we focus on the TOU
tariff. Under the TOU tariff, the customers pay a lower price p; > 0 for the
consumption in the non-peak period, and pay a higher price py € [0, ps] for the
consumption in the peak period. Here, ps is a given upper bound of py, which may
be imposed by the regulator, e.g., government, under the price-cap regulation.
We assume that p; < py, and let p = (py, p2). Table 3.1 illustrates the tariffs in
this chapter.

Table 3.1: Tariffs of the electricity company for Chapter 3

Tariffs Proportion Prices
FR tariff 11—« Do
TOU tariff o D1, P2

The customers under the TOU tariff will shift some consumption from the
peak period to the non-peak period, due to the price difference. We consider that
the customers under the TOU tariff are homogenous. Let ¢/ denote the amount of
shifted consumption from the peak period to the non-peak period by a customer
under the TOU tariff, for given p; and p,. We consider that the amount of shifted

consumption by a customer is stochastic, i.e.,

Qi(plapz) = yi(plap2)+€7

where € is a random factor with pdf f(-), cdf F(-), a mean value of y = 0, and
in the range [A, B], A < 0 and B > 0, and y'(py, p2) is a deterministic function,
namely determined shifted consumption by a customer (it is the expected value

of the shifted consumption per customer). We let y'(p1, p2) take the form of
y'(p1,p2) = a—bipy + bapy, where a > 0,b; > 0,by > 0.

In order to assure that non-negative shifted consumption and positive demand in

the peak period after shifting are possible for some values of p; and py, we assume
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a+A > 0and a+ B < ¢3/N. It is reasonable to assume that the expected value of
the shifted consumption per customer is decreasing in the price p; and increasing
in the price p. And examples of linear demand functions for electricity can be
found in Chao (2011a) and Greer (2012). Besides, we have shown an additive
form of the shifted consumption when considering the customer’s problem in
Chapter 2. Moreover, with the consideration of customer behaviour, Yang et al.
(2013) model the customer’s problem for the TOU tariff to obtain the optimal
shift consumption, and their derived optimal shift consumption equation is very
similar to the function of the determined shifted consumption in our setting.
Let ¢, denote the total amount of shifted consumption by all customers under
the TOU tariff. As we consider that the customers under the TOU tariff are
homogenous customers, we have ¢, = aNg'. And we let y = aNy’. Then after
shifting the consumption, the demands in the non-peak and peak periods under
the TOU tariff are aq; + ¢, and ags — ¢, respectively. Table 3.2 illustrates the
electricity demands of the customers under the two tariffs after introducing the

TOU tariff.

Table 3.2: Electricity demand after introducing the TOU tariff

Tariff Demand in Demand in
the non-peak period the peak period
FR tariff (1—a)q (1—a)g
TOU tarift aqr + qs ago — (s
Total Dy =q1 + gs Dy =qy — qs

Our objective is to maximize the electricity company’s expected profit function
II(k, p) by optimally determining the installed capacities for the two technologies,
i.e., k = (ki1, ko), and the prices for the TOU tariff, i.e., p = (p1,p2):

max IHk,p) = Elpi(ag +qs) + pa(age — qs) + po(1 — o) (g1 + ¢2)]

—C(k, q1 + G5, 2 — qs)- (3.2)

The objective function (3.2) is composed of two parts. The first part (i.e., the

part in the squared bracket) is the revenue from customers, where the first and
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second terms are the revenue from the customers under the TOU tariff for the
demands in the non-peak and the peak periods, respectively, and the third term
is the revenue from the customers under the FR tariff. The second part (i.e.,
C(k,q1 + gs, g2 — qs)) is the electricity company’s cost function.

Table 3.3 summarizes the major notation used in this chapter, where ¢ € {1, 2}

indicates Technology 1.

Table 3.3: Notation of Chapter 3

T percentage of time of the peak period.

k; installed capacity of Technology 7, k = (ky, ko).

k, total capacity for the peak period demand.

¢ unit capacity cost of Technology 1.

Bi unit production cost of Technology 7.

V1, Uy unit shortage cost for the non-peak period demand and the peak

period demand, respectively.
Dy, D, total demands in the non-peak and peak periods, respectively.

c() the electricity company’s expected cost function.

! the proportion of customers using the TOU tariff, a € (0, 1].

N total numbers of customers in the market, so the number of cus-
tomers using the TOU tariff is aN.

Do electricity price for the FR tariff.

D1, D2 electricity prices in the non-peak and peak periods, respectively,
for the TOU tariff, and ps is the upper bound of ps.

q1, o original total demands in the non-peak and peak periods, respec-

tively, i.e., the demands in the non-peak and the peak periods,
respectively, if only FR tariff is offered to the customers.

q. shifted consumption from the peak period to the non-peak period
per customer under the TOU tariff, and ¢, = aN¢'.

Y determined shifted consumption, i.e., deterministic part of ¢, and
y = aNy'.

I1(-) the electricity company’s expected profit function.

3.4 Analysis and Solution

We use the sequential decision-making approach to find the optimal solution,
denoted by (k*, p*), that maximizes [I(k, p) in (3.2). That is, we first obtain the
optimal responses of capacities, i.e., k(p), for a given p. In the second step, we
obtain the optimal prices, i.e., p*, by maximizing II(k(p), p) over p, given the

optimal responses of capacities.
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The optimal response of capacities can be obtained uniquely as shown in

Theorem 3.1.

Theorem 3.1 Given p, the optimal responses of capacities k(p) are shown as
follows:

If co > T(vy — [B2), then k5 = 0; otherwise, k(p) is determined by the first-order

conditions:

(o — )P BV TR |, gy Y Re) 2T 2 T
+(1 _ T)(Ul . 61)[1 o F((l — T)kl _Oég\l[_ y(phpQ))] = (33)
g2 — y(p1,p2) — k1 — Thy o C2

H aN )= T(va — Ba)’ (3.4)

If ¢co > 7(vy — Ba), then the smallest capacity of Technology 2 is optimal, i.e.,
k3 = 0. This case happens because of a too high capacity cost of Technology
2 (cg), too small percentage of the peak period (7), etc. Otherwise, the values
of the optimal capacities can be obtained by jointly solving Equations (3.3) and
(3.4), which are the first-order conditions of the objective function. The costs,
such as capacity cost, production cost and shortage cost, play critical roles in
rationing the capacities to meet the demands. Equation (3.4) shows that, for a
given ky, the probability of meeting the demand via Technology 2 (with capacity
k) is proportional to the ratio of the capacity cost to the shortage cost minus
the production cost of Technology 2. It follows that, the optimal capacity of
Technology 2 decreases as the capacity cost (c2) and production cost (fs) in-
crease, and shortage cost (vy) decreases. The left-hand side of Equation (3.3) is a
combination of the probability of rationing the capacities to meet the demand in
both the non-peak and peak periods. Another observation is that, by combining
Equations (3.3) and (3.4), we immediately obtain

g2 — Y(p1,p2) — Tha
alN

+(1 — T)(Ul — Bl)[l — F(

T(B2 — B1) F(

)+C2

(1 =7)k1 — a1 — y(p1,p2)
alN

=1 =0. (3.5)
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There is no ky in the derived Equation (3.5). It follows that the optimal capacity
of Technology 1 decreases as its capacity cost (c;) increases and the capacity cost
of Technology 2 (c3) decreases. We remark that in the following, we will not
consider the trivial case where k5 = 0 and only focus on the case where k(p) is

determined by the first-order conditions.

Proposition 3.1 0ky(p)/dp1 > 0, Oka(p)/Ops =< 0, Ok,(p)/dp1 = aNb; > 0
and Ok, (p)/0p2 = —aNby <0.

Proposition 3.1 indicates that the capacity of Technology 2 (ks) and the total
capacity for the peak period demand (k,) always increase in the price for the non-
peak period (p;) and decrease in the price for the peak period (p,). It is because
that, if the price in the non-peak period increases or the price in the peak period
decreases, then the expected shifted consumption is decreased. It follows that the
remaining demand in the peak period is increased, that leads to an increase effect
on the installed capacities for the peak period. In addition, the total capacity for
the peak period demand is linear in p; with increasing ratio a/Nb; and linear in
po with decreasing ratio —aNby. But the capacity of Technology 2 is not linear
in p; and po, and the increasing or decreasing ratio depend on some parameters,
such as the production and shortage costs. And it is remarked that the effects of
the prices on the installed capacity of Technology 1 (k;) are more complex and

not monotone in general.

Theorem 3.2 Given po, the optimal price in the non-peak period (p;) is uniquely

determined by the first-order condition:

‘ — (Ul - Bl)(l - F((lfﬂkl(p)afj\qflfy(phpz)))

4 ;
—— v = b

+p1 — p2). (3.6)

Theorem 3.2 shows the optimal price in the non-peak period, for a given

price in the peak-period for the TOU tariff. It indicates that, under the optimal
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solution, the expected demand in the non-peak period for a customer under the
TOU tariff, i.e., the left-hand side of Equation (3.6), is equal to a value presented
by the right-hand side of Equation (3.6).

Proposition 3.2 dpi(p2)/dpa > 0; dy(pi(p2),p2)/dps > 0 if by > by; and

dy(p1(p2), p2)/dps < 0, otherwise.

Proposition 3.2 shows the effects of the price in the peak period (py) on the
optimal response of the price in the non-peak period (p;(p2)), and on the deter-
mined shifted consumption by all customers from the peak period to the non-peak
period (y(p1(p2),p2)). If the price in the peak period increases, then the company
should also increase the price in the non-peak period. Consequently, the deter-
mined shifted consumption from the peak period to the non-peak period will be
increased if the customers are more sensitive to the price changes in the peak
period, i.e., by > by, and it will be decreased if the customers are more sensitive
to the price changes in the non-peak period, i.e., by < b;. As y = aNy’, then
the effects on the determined shifted consumption by a customer (y*) are similar

with that on the determined shifted consumption by all customers.

Theorem 3.3 The upper bound of the price in the peak period p; is optimal
for the TOU tariff, i.e., p5 = min{py, P2}, where Py is the unique solution of

y(p1(p2), p2) = age—aNB if by > by, and is the unique solution of y(p1(p2), p2) =
—aNA Zfbg < bl.

It is interesting to show that, given the optimal response of the price in the
non-peak period, the upper bound of the price in the peak period is optimal for
the TOU tariff. Because the total demand of the electricity will not be affected
by prices, the company will set the price in the peak period as high as possible,
for a given optimal response of the price in the non-peak period. There are three
possible values for the upper bounds of the price in the peak period. As indicated
in Proposition 3.2, if the customers are more sensitive to the price changes in the

peak period, then increasing in the price in the peak period will increase the
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determined shifted consumption. But we need to guarantee that the shifted
consumption should not be larger than the demand in the peak period without
any shifting, i.e., ¢ < ago, which requires that y(p;(p2),p2) < age — aNB. So
the first possible upper bound of the price in the peak period is determined by
y(p1(p2),p2) = age — aNB. Contrary, if the customers are more sensitive to
the price changes in the non-peak period, then increasing in the price in the
peak period will decrease the determined shifted consumption. We also need to
guarantee that the shifted consumption should be non-negative, i.e., ¢, > 0, which
requires that y(pi(p2),p2) > —aNA. So the second possible upper bound of the
price in the peak period is determined by y(pi(p2),p2) = —alNA. Meanwhile,
under the price-cap regulation, we need to guarantee that the price in the peak
period should not exceed the upper bound of the price set by the regulator (ps).
So the last possible value of the upper bound of the price in the peak period is

Pa2.

Corollary 3.1 It may not be optimal for the electricity company to let the cus-

tomers shifting too much consumption from the peak period to the non-peak period.

This result is obtained directly from Theorem 3.3, which indicates that the
lower bound of the determined shifted consumption may be optimal if the cus-
tomers are more sensitive to the price change in the non-peak period. It is because
the company can get a higher profit by setting the appropriate prices for the TOU
tariff, although a high shifting consumption implies a low capacity investment in

the peak period.

3.5 Comparative Statics

In this section, we evaluate the impacts of original total demand in the non-
peak period (q;), original total demand in the peak period (g2), market size
(N), proportion of customers using the TOU tariff (), and the cost parameters
(B1, Po, c1,c2,v1 and wvy) on the optimal capacities (k), prices (p), determined

shifted consumption (which includes the determined shifted consumption by a
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customer (y') and determined shifted consumption by all customers (y) under
the TOU tariff), and profit (II). These comparative statics help us to deeply
understand the TOU tariff. In order to keep the presentation concisely, the terms
without the word “optimal” will be used to indicate the optimal solutions. For
example, capacity of Technology 1 means the optimal capacity of Technology 1.

As indicated in Theorem 3.3, there are three possible optimal values of the
price in the peak period for the TOU tariff. So before we proceed further, we
define three cases as follows: Case I: p} is determined by y(p;1(p2), p2) = —alN A,
Case II: p} is determined by y(p1(p2), p2) = age — aNB, and Case III: p} = ps.
Note that for Case III we have p; = ps, which is not affected by other set values

(e.g., q1, N). So it is unnecessary to present the effects on p} for Case III.

3.5.1 Impact of original total demand in the non-peak pe-
riod

Proposition 3.3 characterizes the behaviour of capacities, prices, and determined

shifted consumption with respect to the original total demand in the non-peak

period (q).

Proposition 3.3 (a) For Cases I and 11, capacities of Technology 1 (2) increase
(decrease) in the original total demand in the non-peak period; and the total
capacities for the peak period demand and the determined shifted consumption
are not affected by the original total demand in the non-peak period. For Case I,
prices decrease in the original total demand in the non-peak period, but for Case
11, prices increase in the original total demand in the non-peak period.

(b) For Case III, capacity of Technology 1, total capacity for the peak period
demand and price in the non-peak period increase in the original total demand
in the non-peak period; determined shifted consumption decreases in the original
total demand in the non-peak period; and capacity of Technology 2 decreases in

the original total demand in the non-peak period if o < 27 and increases if a = 1.
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In any case, capacities of Technology 1 increase in the original total demand
in the non-peak period. This is intuitive. However, the effects on capacities of
Technology 2 vary for different cases. For Cases I and 11, capacities of Technology
2 decrease in the original total demand in the non-peak period. It is because
the increase of capacity of Technology 1 can help to meet the demand in the
peak period (i.e., (1 — 7)k; is for peak period demand), so that the company
can install less capacity for Technology 2, given the fact that determined shifted
consumption is on the boundary and unchanged for these two cases. Besides,
as both determined shifted consumption and the original total demand in the
peak period are unchanged, the total capacities for the peak period demand are
not affected by the original total demand in the non-peak period. The difference
of Cases I and II is that prices decrease in the original total demand in the
non-peak period for Case I but increase for Case II. For Case III, the price in the
non-peak period, which is increasing in the original total demand in the non-peak
period, leads to a decrease in the determined shifted consumption, given that the
price in the peak period is at the boundary and unchanged. Consequently, the
remaining demand in the peak period increases in the original total demand in
the non-peak period, which leads to an increase in total capacity for the peak
period demand. On the other hand, combining the increasing effect of the needed
capacity of Technology 2 due to the decrease of determined shifted consumption
with the decreasing effect due to the increase of the capacity of Technology 1, it
is interesting to show that the effect on the capacity of Technology 2 for Case
IIT is not monotone. We find that the capacity of Technology 2 decreases in the
original total demand in the non-peak period if o < 27, while it unexpectedly
increases in the original total demand in the non-peak period, if all customers

use the TOU tariff.

3.5.2 Impact of original total demand in the peak period

Proposition 3.4 characterizes the behaviour of capacities, prices, and determined

shifted consumption with respect to the original total demand in the peak period
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(Q2)-

Proposition 3.4 (a) For Case I, capacities of Technologies 1 and 2, total capac-
ity for the peak period demand, and prices increase in the original total demand
in the peak period (and dk;/dqy = 1); and determined shifted consumption is not
affected by the original total demand in the peak period.

(b) For Case 11, capacity of Technology 1, total capacity for the peak period de-
mand, and determined shifted consumption increase in the original total demand
in the peak period (and dk}/dg, = (1 — a)/7, dy'/dg; = 1/N, and dy*/dgz = o);
capacity of Technology 2 increases in the original total demand in the peak period
if o +7 < 1 and decreases if o +1 > 1; and prices increase in the original total
demand in the peak period if o+ 1 > 1.

(c) For Case 11, capacities of Technologies 1 and 2, total capacity for the peak
period demand, and determined shifted consumption increase in the original to-
tal demand in the peak period; and price in the non-peak period decreases in the

original total demand in the peak period.

In any case, capacities of Technology 1 increases in the original total demand
in the peak period. This is intuitive, since Technology 1 is also responsible for the
peak period demand. For Case I, capacity of Technology 2 increases in the original
total demand in the peak period, given that determined shifted consumption is
at the boundary and unchanged. This result also holds for Case III, although the
determined shifted consumption increases in the original total demand in the peak
period due to a decrease of the price in the non-peak period. However, for Case
I1, the effect on the capacity of Technology 2 is not monotone. It is interesting
to show that, for Case II, capacity of Technology 2 may decrease in the original
total demand in the peak period, because of a decreasing effect on the capacity
of Technology 2 due to the increase of the determined shifted consumption. But
the total capacity for the peak period demand still increases in the original total

demand in the peak period for any case.
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3.5.3 Impact of market size

In this subsection we consider the impacts of the market size (V) on the optimal
capacities, prices, and determined shifted consumption. We consider a scenario
that the original total demands in the non-peak and peak periods per customer
are unchanged with the market size. That is, if we define ¢} and ¢ as the original
total demands in the non-peak and peak periods per customer, respectively, then
they are not affected by N (and we have ¢ = N¢! and ¢» = N¢i). Proposi-
tion 3.5 characterizes the behaviour of capacities, prices, and determined shifted

consumption with respect to the market size.

Proposition 3.5 For any case, capacities of Technologies 1 and 2, total capaci-
ties for the peak period demand, and determined shifted consumption by all cus-
tomers (y) increase in the market size (and dki/dN = ki/N, dki/dN = ko/N,
and dk;/dN = 7(ki + k2)/N for any case. dy*/dN = —aA > 0 for Case I,
dy*/dN = ag¢i — aB > 0 for Case II, and dy*/dN = ay’ > 0 for Case III); and
prices and determined shifted consumption by a customer (y') are not affected by

the market size.

It is intuitive that the electricity company should increase all capacities if the
market size increases. Taking the second derivatives of the optimal capacities with
respect to the market size, we obtain that d*k} /dN? = d°k; /dN* = d*k} /dN? = 0
for any case. We find that all capacities linearly increase in the market size.
Similarly, determined shifted consumption by all customers also linearly increase
in the market size. On the other hand, the electricity company should keep the
prices unchanged for customers, since the original total demand in the non-peak
and peak periods per customer and the determined shifted consumption by a

customer are fixed for any case.

3.5.4 Impact of proportion of customers using the TOU
tariff

Proposition 3.6 characterizes the behaviour of prices and determined shifted con-

sumption, with respect to the proportion of customers using the TOU tariff (a).
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Proposition 3.6 (a) For both Cases I and 11, determined shifted consumption
by a customer is not affected by the proportion of customers using the TOU tariff;
and determined shifted consumption by all customers increases in the proportion
of customers using the TOU tariff. Prices decrease in the proportion of customers
using the TOU tariff for Case I, and increase for Case II.

(b) For Case III, price in the non-peak period increases in the proportion of cus-
tomers using the TOU tariff; and determined shifted consumption by a customer

decreases in the proportion of customers using the TOU tariff.

It is difficult to analyze the effects of the proportion of customers using the
TOU tariff on the capacities and the company’s profit. The effects of the pro-
portion of customers using the TOU tariff on the prices for the TOU tariff vary
from case to case. When more customers use the TOU tariff, the company will
decrease the prices for the TOU tariff, if the customers are more sensitive to the
price change in the non-peak period, i.e., by < b; (Case I); and increase the prices
for the TOU tariff, if the customer are more sensitive to the price change in the
peak period, i.e., by > by (Case II). For Case III, when more customers use the
TOU tariff, the electricity company will increase the price in the non-peak period.
Consequently, the determined shifted consumption by a customer is decreased.
For Cases I and II, the determined shifted consumption by all customers increases
in the proportion, since the determined shifted consumption by a customer is at
the boundary and unchanged. For Case III, combining the increase of the propor-
tion of customers using the TOU tariff with the decrease of the determined shifted
consumption by a customer, we remark that the effect on determined shifted con-
sumption by all customers is not clear. If the determined shifted consumption by
all customers decreases in the proportion of customers using the TOU tariff like
the determined shifted consumption by a customer does, then the total capacity

for the peak period demand will be unexpectedly increased.

61



3.5.5 Impact of cost parameters

In this subsection we study the effects of the costs parameters, i.e., £y, B2, ¢1, ¢, U1

and v, on the optimal solutions and profits.

Proposition 3.7 The effects of the cost parameters on the optimal solutions are
shown in Table 3.4, where ‘+°, -7, and ‘0’ mean the increase effect, decrease

effect, and no effect, respectively, ‘?” means no clear monotone effect.

Table 3.4: The effects of the cost parameters on the optimal solutions

Case I Case 11 Case II1

ki ko kyp p1 p2 y 1I ki ko kp p1 p2 y 1I ky ko kp p1 p2 y 11
G- + 0 7 7 0 7 - 4+ 0 7 7 0 7 -+ 77 0 7 -
B+ - - + + 07 + - - - 0 - + - - 0 + -
cg - + 0 7 72 0 7 - 4+ 0 7 7 0 7 - 4+ 7 7 0 7 -
g+ - - + + 07 + - - - - 0 - + - - - 0 + -
vi 4+ - 0 - - 0 - +- 0 +4+07? 4+ - 4+ +0 - -
v 0 + 4+ 0 0 0 - O + +0 0 0 - O + +0 0 0 -

Note that y = aNy?, then the effects of the cost parameters on determined
shifted consumption by a customer (y’) are the same as the effects on determined
shifted consumption by all customers (y). So we do not present the effects on
determined shifted consumption by a customer in Table 3.4. Recalling that, for
Cases I and II, y = —alNA and y = agy — alN B, respectively, which are in-
dependent of the costs parameters. So, for Cases I and II, determined shifted
consumption is not affected by the cost parameters. Regarding the prices and
profits, the effects vary from case to case. But it is interesting to show that,
for any case, prices are not affected by the shortage cost for the peak period
demand. It may be because the capacity investments are determined together
with the pricing simultaneously, then we can keep the prices unchanged and ad-
just the capacity investment decisions when the shortage cost for the peak period
demand changes. Regarding the effects on the capacities, for any case, capacities
of Technology 1 decrease (increase) in the production and capacity costs of Tech-
nology 1 (2); and capacities of Technology 2 increase (decrease) in the production

and capacity costs of Technology 1 (2). Capacities may also be affected by the
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shortage costs. Specifically, capacities of Technology 1 increase in the shortage
cost for the non-peak period demand, while it is independent of the shortage cost
for the peak period demand. Capacities of Technology 2 decrease (increase) in
the shortage cost for the non-peak period demand (peak period demand). The
results are intuitive. Regarding the effects on the total capacities for the peak
period demand, it is worth noting that, for Cases I and II, total capacity for
the peak period demand is independent of the production and capacity costs of
Technology 1 and the shortage cost for the non-peak period demand; decreases in
the production and capacity costs of Technology 2; and increases in the shortage
cost for the peak period demand. It may be because the determined shifted con-
sumption is unchanged in these two cases; and Technology 2 can act as capacity
buffer to keep the total capacity for the peak period demand unchanged when
the production and capacity costs of Technology 1 and the shortage cost for the
non-peak period demand change. For Case III, total capacity for the peak period
demand increases in the shortage cost for the non-peak period, which is different
from that for Cases I and II. It is because, for Case III, the electricity company
will increase the price for the non-peak period demand when the shortage cost
for the non-peak period increases, which will lead to a decrease in the determined
shifted consumption by all customers. Consequently, the remaining consumption
in the peak period will increase, so that the electricity company will increase the

total capacity for the peak period demand.

3.6 Conclusions

In this chapter, we study the electricity TOU tariff, under which the customers
have the incentive to shift some electricity consumption from the peak period to
the non-peak period, due to the price difference. We consider that the amount
of shifted consumption by customers is uncertain. The electricity company of-
fers two tariffs to the customers, a fraction of the customers use the TOU tariff,
and the remaining fraction of the customers use the traditional FR tariff. Two

technologies, the base-load and peak-load technologies, are considered to be in-
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stalled for generating electricity for the customers. The first technology will be
installed to generate electricity for the demands in both periods, while the sec-
ond technology will be installed to generate electricity only for the peak period
demand.

We have answered the four research questions raised in Section 3.1. For the
first and second questions, we obtain the optimal capacity investment decisions
of the two technologies for the electricity company and the optimal prices for
the TOU tariff. For the third and fourth questions, we analyze the impacts of
the demands, market size, proportion of customers using the TOU tariff, and
cost parameters on the optimal solutions. Important insights and managerial

implications for the electricity company are discussed and summarized:

1. Regarding the effects of the demands, we find that the effect of the origi-
nal total demand in the non-peak period (i.e., the demand in the non-peak
period if the company only offers the FR tariff to the customers) on the ca-
pacity of Technology 2 may not be monotone. It may unexpectedly increase
in the original total demand in the non-peak period, if all customers use the
TOU tariff, because of the battling between the decreasing effect due to the
increase of the capacity of Technology 1 and the increasing effect due to the
decrease of the expected shifted consumption. Meanwhile, the capacity of
Technology 2 may surprisedly decrease in the original total demand in the
peak period, due to an increase in the shifted consumption from the peak

period to the non-peak period by customers.

2. Regarding the effects of the market size, the electricity company should
increase all capacities if the market size increases. This is intuitive. How-
ever, we find that the company should keep the prices unchanged for the

customers, as the expected demands per customer are unchanged.

3. Regarding the effects of the proportion of customers using the TOU tariff,
we find that the effects on the prices vary from case to case. The prices may

increase or decrease in the proportion. This result is different with that in
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Chapter 2, where we show that the optimal prices are not affected by the
proportion of customers using the TOU tariff. Besides, in this chapter, we
find that the expected shifted consumption by a customer may be decreased
when more customers use the TOU tariff, due to an increase in the price in
the non-peak period. Then the effect on the expected shifted consumption
by all customers becomes unclear, due to the joint effects of the decrease
of the expected shifted consumption by a customer and the increase of the
proportion. If the expected shifted consumption by all customers decreases
in the proportion, then the total capacity for the peak period demand will

be unexpectedly increased.

4. Regarding the effects of cost parameters, the total capacity for the peak
period demand may be independent of the production and capacity costs
of Technology 1 and the shortage cost for the non-peak period demand; de-
creases in the production and capacity costs of Technology 2; and increases
in the shortage cost for the peak period demand. It may be mainly due to
that Technology 2 can act as a capacity buffer to keep the total capacity
for the peak period demand unchanged when the production and capacity
costs of Technology 1 and the shortage cost for the non-peak period de-
mand change. Besides, prices are not affected by the shortage cost for the
peak period demand. It may be because that the capacity investments are
determined together with the pricing simultaneously, then we can keep the
prices unchanged and adjust the capacity investment decisions when the

shortage cost for the peak period demand changes.

Managers of electricity companies may follow the insights when they imple-

ment the TOU tariff for the customers.
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Chapter 4

Environmental Sustainability
Investment under Cap-and-trade
Regulation for Carbon Emission

4.1 Introduction

Carbon emission accelerates global warming. After Kyoto Protocol in 1997, many
countries such as the U.S. and Australia have attempted to design carbon trading
mechanism such as cap-and-trade for carbon emission reduction (Stavins 2008,
Zhang and Xu 2013). Cap-and-trade policy implies that a firm is allocated a
limit or cap on carbon emissions by national government. More specifically, the
firm has to buy the right to emit extra carbon if it produces more than the pre-
scribed capacity; otherwise, it can sell its surplus carbon credit (Du et al. 2011,
Hua et al. 2011). Reducing carbon emission is significantly important when envi-
ronmental sustainability is receiving more and more public awareness all around
the globe (Nagurney and Yu 2012).

However, only implementing the carbon cap-and-trade policy is still not ef-
fective enough to reduce carbon emission (Samaras et al. 2009). In order to be
more effective, the investment in the adoption of cleaner technologies is also im-
plemented by responsible firms (Drake and Spinler 2013). For example, in the
fashion apparel industry, it is well-known that the fashion supply chain produces
all kinds of pollutants including carbon (de Brito et al. 2008, Lo et al. 2012).

Companies such as H&M, Marks & Spencer, and Levis all promise to protect
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environment and reduce carbon emission. For example, H&M, the Sweden fast
fashion company, has taken many approaches to minimize carbon emission in its
production process by adopting new technologies and meanwhile, H&M launches
the green label products which are claimed to be produced in a sustainable way
(H&M conscious actions sustainability report 2010 and 2012). From the envi-
ronmental perspective, producing the sustainable product could reduce the emis-
sion and is beneficial to the environment, whereas from the marketing perspec-
tive, it could stimulate the market demand. Consumers have strong willingness
to purchase the sustainable products (Luchs et al. 2010, Thggersen et al. 2012,
Shen et al. 2012, Grimmer and Bingham 2013). Hence, the positive impact of
sustainability on market demand should not be neglected in managing carbon
emission abatement.

Motivated by the real industrial practices, in this chapter, we study a two-
echelon decentralized supply chain and its centralized channel in which the chan-
nel members determine the order quantity (or production quantity) and sustain-
ability investment with a sustainability-dependent market demand under carbon
cap-and-trade regulation. For the decentralized supply chain, we consider a classi-
cal newsvendor setting in which the manufacturer, as a Stackelberg leader, deter-
mines the sustainability investment, and then the retailer, as a follower, places the
decision of the order quantity. We consider that the manufacturer is operating on
make-to-order basis, under which the manufacturer’s production quantity is equal
to the retailer’s order quantity. For the centralized supply chain, we consider that
the manufacturer and the retailer are fully aligned to achieve the channel’s maxi-
mal profit by determining the production quantity and sustainability investment.
To the best of our knowledge, this study is the first one to examine the impact
of the order quantity (or production quantity) and sustainability investment in a
supply chain under the carbon cap-and-trade regulation.

This chapter contributes to the literature by constructing a model in which
both the order quantity (or production quantity) and the sustainability invest-

ment are considered under the carbon cap-and-trade regulation. The optimal
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order quantity and sustainability investment are derived for the decentralized
supply chain, and the production quantity and sustainability investment are de-
rived for the centralized supply chain as well. The effects of some emission related
parameters on the optimal solutions and profits are analytically analyzed. More-
over, by comparing the optimal solutions and the profits for the decentralized and
centralized supply chains, the managerial insights in the significance of carbon
emission regulation in a supply chain are discussed. Finally, the coordination of
the supply chain is studied under several contracts.

The remainder of this chapter is organized as follows: In Section 4.2, we
review the related literature. Section 4.3 analyzes the decentralized supply chain
and Section 4.4 examines the centralized supply chain. Section 4.5 compares
the optimal solutions and the profits for the decentralized and centralized supply
chains. Section 4.6 studies the coordination of the supply chain. The conclusions
and managerial insights are given in Section 4.7. All of the proofs are relegated

to Appendix C.

4.2 Literature Review

Cap-and-trade policy started to receive considerable attentions from 1970s
(Montgomery 1972, Tietenberg 1985) and is regarded as an effective way to mit-
igate climate change (Stern 2008). Lately, cap-and-trade regulation has been ex-
tensively discussed by scholars in the field of supply chain management due to its
huge impact on supply chain performance (Choi 2013). Zhao et al. (2010) study
a supply chain in which the equilibrium production is affected by the allowance
allocation under perfect competition and the cap-and-trade setting. Hua et al.
(2011) investigate how companies optimally manage inventory under carbon cap-
and-trade regulation by integrating the consideration of carbon emission into the
classical economic order quantity model. They find that carbon cap and carbon
price have a great impact on the retailer’s order decisions. Zhang et al. (2011)
derive the manufacturer’s optimal production policy with a stochastic demand

under the cap-and-trade regulation. Further, Song and Leng (2012) examine the
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optimal inventory decision in a single-period production problem under carbon
cap-and-trade regulation and find that under which the firm could not only re-
duce carbon emission, but also enhance its business performance under some
conditions. Zhang and Xu (2013) also examine a single-period but multi-item
production planning supply chain under the carbon cap-and-trade regulation,
and find that the firm tends to produce more carbon efficient products under the
carbon cap-and-trade regulation.

Du et al. (2013) investigate a two-echelon supply chain in which the emission-
dependent manufacturer trades with emission permit supplier under the cap-
and-trade regulation. They prove that the manufacturer’s profit increases while
the supplier’s profit decreases with the emission cap. More interestingly, they
find that in the centralized system, there is a condition under which the supply
chain can achieve coordination. Benjaafar et al. (2013) examine the impact of
cap-and-trade regulation in a supply chain and find the possibility that the firms
can earn additional revenue under carbon cap-and-trade regulation by leveraging
differences between their emission reduction costs and the market carbon price.
In addition, they explore the impact of technology adoption on carbon emission
reduction and find that if the gains from alternative technologies are substantial,
the carbon cap-and-trade regulation could be effective in motivating the firms to
adopt the energy-efficient technologies.

Drake and Spinler (2013) indicate that the effectiveness of technology adop-
tion should not be underestimated in a sustainable economic. To develop green
supply chain such as carbon emission reduction, making investment in cleaner
technologies to reduce emission, namely, sustainability investment, has been dis-
cussed and proposed in the existing literature. Krass et al. (2013) consider the
case in which the environmental regulator acting as a Stackelberg leader firstly
decides the tax level and the firm acting as a follower selects emission control
technology, production quantity and price. They find that an initial increase in
taxes may motivate a switch to a cleaner technology and if the capital cost of

cleaner technologies is subsidized, the negative environmental effect would dis-

69



appear and taxation becomes efficient. Drake et al. (2012) study the impact of
emission tax and emissions cap-and-trade regulation on a firm’s long-run tech-
nology choice and capacity decisions. They find that emissions would be reduced
under cap-and-trade regulation with technology choice and by embedding the
option value into the firm’s production decision, and cap-and-trade could help
firm to earn greater expected profits than emission tax due to the uncertainty of
emissions price and the option of no production under the former. Similar with
Drake et al. (2012), we also consider that the emission could be reduced by in-
vesting in the sustainable technology in production. In addition, consistent with
industrial practices, we consider that the consumers will be motivated to purchase
if the product is produced with lower emission, namely, the market demand is
dependent on product sustainability.

Supply chain coordination represents the scenario under which the individual
supply chain members will behave in a way which maximizes the total supply
chain system’s profitability (Xiao et al. 2005, Chopra and Meindl 2007). Some
papers have discussed the supply chain coordination with carbon emission consid-
eration. Jaber et al. (2013) investigate the problem of supply chain coordination
when considering greenhouse gap emissions generated from the manufacturer’s
processes under the European Union Emissions Trading System. Zhang and Liu
(2013) consider a supply chain in which the market demand correlates with the
green degree of green product. They find that the revenue sharing contract can
coordinate the supply chain and encourage positive response of the participat-
ing members to the cooperation strategy. Swami and Shah (2013) examine a
two-echelon supply chain in which both supply chain members can design the
greening effort. Under the deterministic demand setting, they find that a two-
part tariff contract can coordinate the supply chain. In this chapter, we consider
under the stochastic demand setting, whether the supply chain contracts such
as revenue sharing contract, buyback contract and two-part tariff contract can
achieve supply chain coordination.

As reviewed above, even though the existing literature has examined various
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important aspects of sustainable supply chain management with cap-and-trade
regulation, how the product sustainability and cap-and-trade regulation affect
the decision making in a supply chain is not yet fully known. In addition, it is
important to know how such a supply chain can be coordinated. To the best of
our knowledge, the above important research issues have not yet been explored
in the literature. Addressing these open research questions hence outlines the

contribution of this chapter. Table 4.1 shows the literature positioning of our

work.
Table 4.1: The literature positioning of Chapter 4

Research Carbon Emission Product Supply Chain
Consideration  Sustainability =~ Coordination

Benjaafar et al. (2013) Yes No No

Drake et al. (2012) Yes Yes No

Hua et al. (2011) Yes No No

Jaber et al. (2013) Yes No Yes

Swami and Shah (2013) No Yes Yes

Zhang and Xu (2013) Yes No No

Zhang et al. (2011) Yes No No

Zhang and Liu (2013) No Yes Yes

Our work Yes Yes Yes

4.3 The Decentralized Supply Chain

In this section, we consider a two-echelon decentralized supply chain, where a
manufacturer (she) produces the product and trades with a retailer (he) by a
wholesale price contract in a single period. The retailer is responsible for selling
the product to the customer market. The decisions are made in two sequential
steps. In the first step, the manufacturer decides the product’s sustainability
level in terms of carbon emission abatement. In the second step, given the sus-
tainability level, the retailer decides the order quantity of the product from the
manufacturer. Please note that, in this chapter, we focus on examining the
optimal decisions of the sustainability level of the manufacturer and the order
quantity of the retailer. So we consider that the wholesale price is exogenously

given and will analyze its effects in Section 4.5.
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Let p denote the market price of a product sold by the retailer, ¢ denote the
unit production cost, and w denote the wholesale price per unit product. Given
the wholesale price, the retailer decides to order x units of the product from the
manufacturer. Under the make-to-order setting, the manufacturer will produce
the amount of product exactly as the retailer’s order quantity. We assume that
there are no constraints on the order quantity and production capability. The
manufacturer produces the x units of the product (it is equal to the retailer’s order
quantity under the make-to-order setting) which results in a carbon emission
level (@ — bs)x, where 0 < s < a/b is the sustainability level determined by
the manufacturer, a is the base emission when sustainability level is zero, and b
is the coefficient of the sustainability effect on reducing the emission. Here, we
assume a linear function of carbon emission reduction model, and it indicates that
improving the sustainability level has diminishing return on emission. Similar
models of reducing the carbon emission level by the investment can be found in
Jiang and Klabjan (2012).

Consistent with the existing literature (e.g., Swami and Shah 2013), we con-

sider a linear demand function affected by the sustainability level,
D(s) =d+ s +e,

where d is the base demand and irrelevant to s, coefficient 5 > 0 indicates that the
sustainability level has a positive effect on the demand, and € is a random factor
with pdf f(-), edf F(-), a mean value of p, and in the range [4, B], A < 0and B >
0. Here, we model the demand as a function of the sustainability level, because
the customers have strong willingness to purchase the sustainable products (see,
e.g., Shen et al. 2012). Similar models of the positive effects on the demand
function can also be found in the existing literature, such as Gurnani et al. (2007)
and Gurnani and Erkoc (2008). In order to assure the non-negative demand, we
further set A > —d. If the demand does not exceed the order quantity x, then
the leftover x — D is disposed at the unit cost ¢, (it may be negative, in which it
represents a per-unit salvage value). Without loss of generality, we assume that

the shortage cost is equal to zero even if the demand exceeds x.
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We consider the cap-and-trade regulation for the emission in this chapter.
Let K denote the total permissible emission level, which is given by the regu-
lator and assumed to be exogenous. Let c¢. denote the emission price per unit
emission, and we assume that emission amount can always be bought or sold at
this price. Similar to Savaskan and Van Wassenhove (2006), Gurnani and Erkoc
(2008), Li et al. (2013), and Swami and Shah (2013), we assume that the sustain-
ability investment cost for the manufacturer is a quadratic function, i.e., c;s?/2,
where ¢ is the sustainability investment coefficient.

In current business practice, it is true that the investment cost for improving
the sustainability level usually is high. So we assume that c; is high enough such
that ¢; > 2¢.b3, though we can obtain analytical results even if without this
assumption. Specifically, if ¢; < 2¢.bf3, we have the results that the lower bound
or upper bound of the sustainability are optimal to the manufacturer, i.e., s* =0
under which the manufacture will not invest in the sustainability, or s* = a/b
under which the manufacture will invest in a very high sustainability level such
that no carbon emission will be produced. So in order to avoid these trivial cases
and make our results more elegant, we only present our results for the case of
cr > 2c.bB3 hereafter®!.

Table 4.2 summarizes some major notations used in this chapter.

We use the backward sequential decision-making approach to analyze the
problems. First, we assume that the sustainability level is given by the man-
ufacturer, under which we solve the retailer’s problem and obtain the optimal
response of the order quantity, i.e., z(s). In the second step, we solve the manu-
facturer’s problem and obtain the optimal sustainability level, i.e., s*, given the

optimal response of the order quantity.

4.3.1 Retailer’s problem

For a given sustainability level, the retailer maximizes his own expected profit

by deciding the order quantity x. Denote II.(z) as the retailer’s expected profit

418ee the supplement for the case of ¢; < 2¢.b3 in Appendix C.
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Table 4.2: Notation of Chapter 4

P product’s market price.

c unit production cost.

w wholesale price.

x order quantity for decentralized supply chain (production quantity
for centralized supply chain).

S sustainability level.

a the emission when sustainability level is zero.

b coefficient of the sustainability effect on reducing the emission

cr sustainability investment coefficient

15} coefficient of the sustainability effect on increasing the demand

K total permissible emission level.

Ce unit emission price.

D(-) demand function.

cn unit leftover cost.

I1,, manufacturer’s profit

IT, retailer’s profit

Iy supply chain’s profit in the decentralized setting

I1, supply chain’s profit in the centralized setting

function. We have
maxIl,(r) = E[pmin{D,z} —wzx — c,(x — D)*]. (4.1)

In the above profit function, the first term is the revenue from selling the
product in the customer market, the second term is the cost of ordering the
product from the manufacturer, and the last term is the leftover cost. After
deriving Equation (4.1) with respect to order quantity x, we can have the following

proposition.

Proposition 4.1 Given s, the unique optimal response of the order quantity x(s)

1s as follow:

_ -1 p-w
x(s)=F (p+6h)—|—d+ﬂs. (4.2)

The optimal response of the order quantity is obtained by the first-order
condition of the retailer’s profit function. The solution is essentially the same

to the well-known newsvendor solution in the literature. Given a sustainability
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level s, the order quantity is increasing in the base demand d, and decreasing
in the unit leftover cost ¢, and wholesale price w, which are consistent with our

intuitive understanding.
Corollary 4.1 dx(s)/ds = > 0.

Corollary 4.1 indicates that the order quantity is increasing in the sustain-
ability level. This result could be potentially explained by the fact that when
the sustainability level is higher, the market demand would be also higher, which

induces the retailer to order more from the manufacturer.

4.3.2 Manufacturer’s problem

The manufacturer’s profit function, denoted by II,,(s), is given by

(s) = wa(s) —cx(s) — co((a—bs)x(s) — K) — 0—2132. (4.3)

In the above profit function, the first term is the revenue generated from
selling the product to the retailer, the second term is the production cost, the
third term is the cost or revenue from buying or selling the extra allowances of
the emission, and the last term is the sustainability investment cost. Knowing
that the retailer orders the product = according to Equation(4.2) in response to
a given sustainability level s, the manufacturer decides on s to maximize her own
expected profit. By substituting z(s) into Equation (4.3) and differentiating it

with respect to sustainable level s, we can have the following proposition.

Proposition 4.2 The manufacturer’s optimal sustainability level is given by

. ceb(Ffl(ﬁ)—kd)—i—(w—c—cea)ﬁ
st = p— . (4.4)

Proposition 4.2 shows the optimal sustainability level for the manufacturer,
i.e., Equation (4.4), which is solved by the first-order condition of the manufac-
turer’s profit function. Obliviously, the optimal value is increasing in the base

demand d, and decreasing in the unit production cost ¢ and unit leftover cost cy,.
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Next we analyze the effects of the parameters b, 3, ¢, and ¢y, which are related
to the sustainability investment or the emission, on the optimal decisions x* and
s*, the retailer’s optimal profit IIY, the manufacturer’s optimal profit II} , and

the optimal profit of the whole supply chain IT} (i.e., 1T} = IT* + IT7 ).
Proposition 4.3 z* and s* are increasing in b, and decreasing in cy.

Proposition 4.3 indicates that, if the coefficient of the sustainability effect on
reducing the emission b is larger, then the manufacturer will invest more in the
sustainability level s* to reduce the emission. Meanwhile, a higher sustainability
level will induce a larger demand, which will lead to a higher order quantity
x*. So the order quantity is increasing in the coefficient b. Intuitively, if the

sustainability investment coefficient ¢; is large, then the manufacturer will invest

less in the sustainability level, which will lead to a lower order quantity.

Remark 4.1 For the effects of the coefficient of the sustainability effect on in-

creasing the demand [ and unit emission price c., we can obtain that

ds*  w—c—c.(a— 2bs*) dx* , ds*
= ; =8+ =0
dg 2¢.bB — cr ag dp
ds*  —br*+ f(a—bs*)  dr* ds*ﬁ
de, 2¢.bB — ¢ ’ de,  de.”’

which may be positive or negative. And the way by which IT%, 1I¥ . and IT}; depend

m’

on b, B, c., and c; are more complex and are not monotone in general also.

4.4 The Centralized Supply Chain

In this section, we consider a centralized supply chain, where the manufacturer
and the retailer are fully aligned to achieve the channel’s maximal profit. Our ob-
jective is to maximize the expected profit of the whole supply chain by optimally

choosing the production quantity and sustainability investment.

maxIl.(z,s) = E[pmin{D,z} —cx —c,(x — D)"

012

—ce((a—bs)z — K) — 25 . (4.5)
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In the above profit function, the first term is the revenue generated from selling
the product in the customer market, the second term is the production cost,
the third term is the leftover cost, the fourth term is the cost or revenue from
buying or selling the extra allowances of the emission, and the last term is the
sustainability investment cost.

We use the sequential decision-making approach to analyze the problem, and
solve our problem by two steps. In the first step, we assume that the sustainable
level is given, under which we solve the problem and obtain the optimal response
of the production quantity, z(s). In the second step, we obtain the optimal
sustainability level, s*, given the optimal response of the production quantity.
This approach can guarantee the optimality of the solution, and is widely used
in the literature, such as Petruzzi and Dada (1999) and Wang et al. (2004).

Proposition 4.4 shows the optimal response of the production quantity for a

given sustainability level.

Proposition 4.4 Given s, the unique optimal response of production quantity
x(s) is as follow:

_1(p—c—ce(a—bs))

z(s) = F
(s) o

+d+ Bs. (4.6)

The optimal response of the production quantity is obtained by the first-order
condition of the channel’s profit function, for a given s. Similar to the decentral-
ized supply chain, the solution of the production quantity for the centralized
supply chain is essentially the same to the well-known newsvendor solution in the
literature. Given a sustainability level s, the order quantity is increasing in the
base demand d, and decreasing in the unit leftover cost ¢, unit production cost

¢, and unit emission price ce.
Corollary 4.2 dxz(s)/ds =+ (c.b)/((p + cn) f(x —d — Bs)) > 0.

Similar to Corollary 4.1, Corollary 4.2 indicates that the production quantity

is increasing in the sustainability level.
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Substituting x = z(s) into Equation (4.5), the optimization problem becomes
a maximization over the single variable s: maxIl.(x(s), s). By taking and rear-
S

ranging the first and second derivatives of I1.(z(s), s) over s, we obtain

dl1.(z(s), s)

2 = (p—c—cc(a—0s))B — crs+ c.bx(s); (4.7)
P (z(s),s) (ceb)?
T T s —d=Ba)

As shown in Proposition 4.5, II.(x(s), s) might have multiple optimal values

of the sustainability level, depending on the parameters of the problem.

Proposition 4.5 There is at most one optimal point of s that satisfies the
first-order condition of the channel’s profit function Il.(x(s),s) when f(-) is

monotonous.

There may be multiple points that satisfy the first-order optimality condi-
tion of the channel’s profit function Il.(z(s), s), i.e., dll.(x(s),s)/ds = 0, where
dll.(x(s), s)/ds is represented in Equation (4.7). If f(-) is a non-decreasing distri-
bution function (i.e., f’(-) > 0), then we obtain d°II.(z(s), s)/ds® < 0, implying
that dIl.(z(s), s)/ds is concave in s. So dIl.(z(s),s)/ds = 0 has at most two roots
and the larger of the two makes a change of sign for dIl.(z(s), s)/ds from positive
to negative that corresponds to a local maximum of II.(z(s),s); if f(:) is a de-
creasing distribution function (i.e., f’(-) < 0), then the smaller of the two makes
a change of sign for dIl.(z(s), s)/ds from positive to negative that corresponds to
a local maximum of Il.(z(s),s). We consider three general distributions of the

demand: uniform, exponential, and normal distribution in Corollary 4.3.

Corollary 4.3 For the uniform, exponential, and normal distribution of the de-

mand, there is at most one optimal point of s that satisfies dll.(z(s),s)/ds = 0.

The following proposition describes how the optimal decision z* and s*, and
the optimal profit of the whole supply chain II’ change with system parameters
b, 3, and c;.
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*

Proposition 4.6 z*, s*, and 1L are increasing in b and 3, and are decreasing

m cy.

Similar to the decentralized supply chain, the centralized supply chain will
invest more in the sustainability level s* and increase the production quantity x*,
if the coefficient of the sustainability effect on reducing the emission b is large and
the sustainability investment coefficient ¢; is small. Besides, Proposition 4.6 indi-
cates that, if the coefficient of the sustainability effect on increasing the demand
[ increases, then the centralized supply chain will increase the sustainability level
and the production quantity, and the channel’s profit will be increased as well,
and if the sustainability investment coefficient ¢; increases, then the channel’s
profit will be decreased. Note that b, 3, and ¢; are the parameters related to sus-
tainability level or emission, so Proposition 4.6 implies that, in order to increase
the centralized supply chain profit, enhancing the efficiency of sustainability in-

vestment is significant.

Remark 4.2 For the effects of the unit emission price c., we can obtain that

gt b EEEL 0 —bst) g (0 —be) + (55 + ed)

dec 2cbf— e+ dc. pf ’
dIT*
f: =K — (a — bs")z",

where p = p+cp, and f = f(z* —d — Bs*). Here, ds*/dc,., dz*/dc,, and dIT* /dc,
may be positive or non-positive, and the effects of the unit emission price are

complicate and are not monotone in general.

4.5 The Comparison of Decentralized and Cen-
tralized Supply Chains

In this section, we numerically compare the profit of the whole supply chain and
the optimal solutions under the decentralized case with those under the central-

ized case. Some interesting results are presented in the following subsection.
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4.5.1 Numerical examples

As shown in Corollary 4.3, there is at most one optimal solution of s that satisfies
the first-order condition of the profit function, for the centralized supply chain,
for the uniform, normal, and exponential distributions of the demand. Figures
4.1 and 4.2 show the numerical results for the uniform and normal distributions,
respectively. For the exponential distribution, we can obtain the similar numerical
results.

In the literature, the wholesale price is usually assumed to be larger than the
unit production cost, i.e., w > c¢. However, in this chapter, after considering
the cap-and-trade regulation, we could relax this assumption and set that the
wholesale price can be not lager than the unit production cost. For example, if the
manufacturer could obtain a higher profit by selling the quota of the allowances
of the emission, rather than by selling product, then she would invest in a high
sustainability level to reduce the emission in production, although the wholesale
price is very small.

In all numerical examples, we set p = 120,¢ = 50,d = 10,a = 5,0 = 0.5,¢c, =
10,8 = 1, and ¢; = 25. Without loss of generality, we let the total permissible
emission level equals to zero, i.e., K = 0. Then the manufacturer’s profit would
be negative if the wholesale price is lower, e.g., w < c¢. Alternatively, if we set a
high total permissible emission level, e.g., K = 500, the manufacturer can get a
positive profit even if the wholesale price is very low. For the uniform distribution,
we let € v~ U[0,10], and for the normal distribution, we let € «~ Normal(10,1).
We benchmark our results with the consideration of the sustainability and the
emission, to the results without considering the sustainability and the emission
(e, ce =cr=a=b=s5=35.=0). We use ‘SE’ to stand for the ‘Sustainability
and emission’, so ‘with SE’ means ‘with the consideration of the sustainability
and the emission’ and ‘without SE’ means ‘without considering the sustainability
and the emission’.

Figure 4.1 shows the effects of the wholesale price on the optimal solutions

and the corresponding profits for the uniform distribution of the demand. Ob-
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Figure 4.1: Effects of the wholesale price on the optimal solutions and the profits
for the uniform distribution of the demand.

viously, the optimal solutions and the corresponding profits for the centralized
case are not affected by the wholesale price. Figures 4.1(a) and 4.1(b) show that
the optimal sustainability level and order quantity for the decentralized case are
non-decreasing and decreasing, respectively, in the wholesale price. Figure 4.1(c)
shows that the manufacturer’s profit and the retailer’s profit are increasing and
decreasing, respectively, in the wholesale price. Besides, the manufacturer’s profit
with SE is smaller than that without SE, but the retailer’s profit with SE is larger
than that without SE. Because, with the consideration of the sustainability and
the emission, the manufacturer needs to pay the emission cost and the sustain-
ability investment cost, while the retailer can get the benefit of the sustainability
effect on increasing the demand. As shown in Figure 4.1(d), the optimal profit
of the whole supply chain for the decentralized case is not larger than that for
the centralized case. If we do not consider the sustainability investment and the
emission issues, the optimal profit of the whole supply chain is obtained when

the wholesale price equals to the unit production cost (i.e., w = ¢ = 50). How-
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ever, as shown in Figure 4.1(d), our results indicate that the optimal profit of
the whole supply chain obtains its maximum at w = 94 which is almost double
of the unit production cost, due to the effects of the sustainability and emission
consideration. Those differences are mainly due to the effects of the sustainability

investment and emission consideration.
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Figure 4.2: Effects of the wholesale price on the optimal solutions and the profits
for the normal distribution of the demand.

Figure 4.2 shows the effects of the wholesale price on the optimal solutions and
the corresponding profits for the normal distribution of the demand. The effects
are almost the same with that for the uniform distribution, except for the effects
on the sustainability level and the order quantity. As shown in Figures 4.2(a) and
4.2(b), the optimal sustainability level and the order quantity for the decentralized
case are not monotonous in the wholesale price, with the consideration of the
sustainability and the emission. If we do not consider the sustainability issue,
then the order quantity will be decreasing in the wholesale price. However, in
this chapter, we consider that the sustainability level has the direct effect on

the demand which would further affect the order quantity. Besides, as shown in

82



Equations (4.2) and (4.4), the order quantity is increasing in the sustainability
level which may be increasing or decreasing in the wholesale price, depending
on the cdf of the distribution of the demand and the value of the coefficient
of the sustainability effect on increasing the demand (i.e., $). For the normal
distribution of the demand, we thus obtain the above result, which is different
from the other distributions and the situations without the sustainability and the

emission consideration.

4.6 Coordinating the Supply Chain

This section studies the coordination in a supply chain with the consideration
of the sustainability and the emission. In the previous literature, several con-
tracts have been proposed for coordinating a supply chain, including the buy-
back contract, the revenue sharing contract, the two-part tariff contract, etc
(Cachon 2003, Cachon and Lariviere 2005). In this chapter, we consider three
contracts, i.e., buyback, revenue sharing, and two-part tariff contracts, and verify
that whether they can coordinate the supply chain. Recalling that this chapter
determiners the optimal order quantity (or production quantity) and sustain-
ability level. So a key question is that whether the contracts that coordinate
the retailer’s order quantity and also coordinate the manufacture’s sustainability
level. We restrict our attention to the cases in which the sustainability levels
are determined by the first-order conditions of the profit functions. Note that
under some contracts, such as the buyback contract, the manufacturer needs to
depose the unsold products, which may causes carbon emission. However, in this
chapter we will not consider such issues, and only focus on the situation where
the emission is caused when the manufacturer produces the products.

Let x4 and s4 be the optimal solutions of the order quantity and sustainability
level, respectively, for the decentralized supply chain, and z. and s. be the optimal
solutions of the production quantity and sustainability level, respectively, for the

centralized chain.
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4.6.1 Revenue sharing contract

We consider that, under a revenue sharing contract (w, ¢), the retailer pays the
manufacturer a unit wholesale price w for each unit ordered plus a proportion of
his revenue from selling the products to the customers, where ¢ is the proportion
of the revenue the retailer keeps, and thus 1 — ¢ is the proportion shared to the
manufacturer. See Cachon (2003) and Cachon and Lariviere (2005) for detailed
discussions of this contract. The retailer’s and the manufacturer’s expected profit

functions are given by
I, = Elgpmin{D,z} —wz — cy(x — D)7T];

I, = E[(1-¢)pmin{D,z}+wr—cr—c.((a—bs)x — K) — %32].

Proposition 4.7 For a given revenue sharing contract (w,¢), the optimal deci-
sion of the order quantity and sustainability investments (xq4,5q) = (x*,s*) are

determined as follows:

_ 1 op —w g .
x—F (7¢p—l— Ch) d—ps = 0 (4.8)
(1=9¢)p+w—c—cela—Dbs))B—crs+chbr = 0. (4.9)

Comparing Equations (4.8) with (4.6) and (4.9) with (4.7), we find that
(x4, 84) can be the centralized supply chain’s optimal solution (x, s.) if w = ¢p
and ¢ = (p+cn)/(p(p — ¢ — ce(a — bs.))) — cn/p. Therefore, a revenue sharing
contract with reasonable contract parameters is sufficient to coordinate the sup-
ply chain with the sustainability and emission consideration. Besides, our result
shows that there is s single coordinating revenue sharing contract such that pro-
vides only one allocation of the supply chain’s profit. This result is similar to the
coordination result of the revenue sharing contract with price dependent demand

and non-zero lost sales penalty (Cachon 2003).

4.6.2 Buyback contract

With a buyback contract (w,b.), the manufacturer charges the retailer a unit

wholesale price w for each unit purchased, but pays the retailer b. per unit re-
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maining at the end of the season. See Pasternack (1985) and Cachon (2003) for
detailed analysis of this contract in the context of the newsvendor problem. The

retailer’s and the manufacturer’s expected profit functions are given by

I, = Elpmin{D,z} —wz —c,(z — D)" +b.(x — D)*];

I, = Ewz—cx—c((a—0bs)z—K)— %32 — be(xr — D)*].

Proposition 4.8 For a given buyback contract (w,b.), the optimal decision of the
order quantity and sustainability investments (x4, sq4) = (x*,s*) are determined

as follows:

— F*1 & —d— = 0 4.10
=) —a—ps = o (4.10)
(w—c—cela—0bs))B—crs+cbr = 0. (4.11)

Comparing Equations (4.10) with (4.6) and (4.11) with (4.7), we find that
(z4,54) can be the centralized supply chain’s optimal solution (z.,s.) only if
w = p and b. = p + ¢,. Therefore, the coordination can only occur if w =
p, which is not desirable. With w = p and b. = p + ¢, the retailer earns a
non-positive profit, so the retailer certainly cannot be better off with buyback
contract. Cachon and Lariviere (2005) prove that the revenue sharing contract
is equivalent to the buyback contract with the fixed-price newsvendor setting.
However, our results show that the revenue sharing contract can coordinate the
supply chain with the consideration of the sustainability and the emission whereas

the buyback contract cannot.

4.6.3 Two-part tariff contract

With a two-part tariff contract (w,G), the manufacturer charges the retailer a
per unit wholesale price w and a fix fee G. See Cachon and Lariviere (2005) and

Cachon and Kok (2010) for detailed analysis of this contract. The retailer’s and
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the manufacturer’s expected profit functions are given by

I, = Elpmin{D,z} —wx—cy(z— D) —GJ;

II,, = Elwr—cr—c((a—bs)r—K)— %52 + Gl.

Proposition 4.9 For a given two-part tariff contract (w,G), the optimal deci-
sion of the order quantity and sustainability investment (xq4,8q4) = (z*,s%) are
determined as follows:

p—w

P+ Ch
(w—c—cela—0s))B —crs+cbr = 0. (4.13)

x— F7Y(

)—d—f8s = 0 (4.12)

Comparing Equations (4.12) with (4.6) and (4.13) with (4.7), we find that
(x4,54) can be the centralized supply chain’s optimal solution (z,s.) only if
w=p=c+cla—"0bs.). With p = ¢+ c.(a — bs.), the manufacture can get
the positive profit only if the total permissible emission level K is sufficient large
such that the manufacture can earn some profit by selling the extra allowances
of the emission. With w = p, the retailer earns a non-positive profit, so the
retailer cannot be better off with two-part tariff contract. Hence, the two-part
tariff contract does not coordinate the supply chain with the consideration of the
sustainability and the emission.

Supply chain coordination implies that under a scenario the individual sup-
ply chain members can behave in a way eliminating double marginalization and
maximizing the total supply chain’s profit, so as to achieve the Pareto improve-
ment. We find that when we consider the sustainability investment and carbon
emission for the supply chain, the revenue sharing contract can coordinate the
supply chain while the buyback and two-part tariff contracts cannot coordinate
the supply chain. It may be due to the fact that the revenue sharing contract can
induce the manufacturer doing better in the sustainability investment. There-
fore, we should propose the revenue sharing contract for the supply chain so as

to achieve the Pareto improvement.
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4.7 Conclusions

Motivated by the real industrial practices, in this chapter, we consider supply
chains in which a high level of product’s sustainability not only increases the
market demand, but also reduces the carbon emission, and its sustainability pro-
duction of carbon emission abatement requires the sustainability investment as
a cost. We first investigate a two-echelon decentralized supply chain in which
the manufacturer firstly decides the product’s sustainability level and then the
retailer places an order under the cap-and-trade regulation. We also examine the
supply chain in the centralized setting and then compare their performance with
those in the decentralized one.

We derive the optimal ordering quantity and sustainability investment for
decentralized setting, and the optimal production quantity and sustainability in-
vestment for centralized setting as well. We find that the sustainability investment
coefficient has a significant impact on the optimal order quantity (or production
quantity) and sustainability investment. If the sustainability investment and the
emission issues are not considered, the optimal profit of the whole supply chain
will be theoretically obtained when the wholesale price equals to the unit produc-
tion cost. However, by examining the effects of the wholesale price, we find that,
due to the effects of the sustainability and the emission, the optimal profit of the
whole supply chain obtains its maximum at a wholesale price which is almost
double of the unit production cost. On the other hand, if we do not consider the
sustainability and the emission issues, then the order quantity will be decreasing
in the wholesale price. However, our results show that the order quantity may
be unexpectedly increasing in the wholesale price, because the order quantity is
increasing in the sustainability level, but which may be decreasing in the whole-
sale price, depending on the cdf of the distribution of the demand and the value
of the coefficient of the sustainability effect on increasing the demand. Moreover,
with the consideration of the sustainability and the emission, the manufacturer’s
profit is smaller than that without considering the sustainability and the emis-

sion, but the retailer’s profit has the inverse result. It is because that, with the
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consideration of the sustainability and the emission, the manufacturer needs to
pay the emission cost and the sustainability investment cost, while the retailer
can get the benefit of the sustainability effect on increasing the demand.
Finally, we study the coordination in the supply chain by considering three
contracts, i.e., buyback, revenue sharing, and two-part tariff contracts. We verify
that whether the contracts that coordinate the retailer’s order quantity and also
coordinate the manufacturer’s sustainability level. It is shown that with the
consideration of the sustainability and the emission, the buyback and two-part
tariff contracts cannot coordinate the supply chain but revenue sharing contract
can coordinate it. The allocation of the supply chain’s profit in revenue sharing
contract is unique. From the coordination perspective, this finding implies that
the revenue sharing contract should be suggested to be adopted in sustainable

supply chain.
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Chapter 5

Summary and Future Research

In this thesis, we study three topics in capacity and sustainability investments
from the perspectives of pricing and carbon emission. In the first and second
topics, we analyze the capacity investment and pricing policies for an electricity
company with the TOU tariff. In the first topic, we consider two models, one
with price inelasticity of total demand (the total demand of electricity will not
be affected by prices) and the other one with price elasticity of demand (the
demands of electricity are functions of prices). We derive the optimal capac-
ity investment and pricing policies for the electricity company for both models.
Besides, for the model with price inelasticity of total demand, we derive the op-
timal shifted consumption for the customers under the TOU tariff by solving the
customer’s problem. Based on the work in the first topic, we further study the
capacity investment and pricing policies for the TOU tariff with uncertain shifted
consumption in the second topic. By examining the behavior of the optimal solu-
tions with respect to some parameters, we obtain some insights for the electricity
company, which are practically relevant. The electricity company may follow
the insights upon implementing the TOU tariff. For example, we find that the
electricity company should not change the prices when the market size expands.
This guideline should be helpful to the electricity company with practical rele-
vance. The third topic studies the environmental sustainability investment under
a cap-and-trade regulation of carbon emission. We consider both decentralized
and centralized supply chains with one manufacturer and one retailer. The opti-

mal sustainability investment and order quantity are derived for the decentralized
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supply chain, and the optimal sustainability investment and production quantity
are derived for the centralized supply chain. Moreover, the coordination of the
supply chain is studied under several contracts in this topic. Important insights
and managerial implications are discussed in all topics.

The phenomenon of the peak and non-peak periods exists not only in the
electricity industry, but also in other industries, such as the transportation in-
dustry and telecommunication industry. Thus, from the application perspective,
the analysis of the capacities investment in various technologies and the pricing
for the peak period and non-peak period demands in the first and second topics
can be applied to extensive industries with the property of having the peak and
non-peak periods. In terms of future research, an immediate extension would be
to consider the competition effects of multiple companies on the capacity and
pricing policies. Some industrial examples have shown that the mandatory TOU
tariff may be applied to some customers in some areas (RAP 2008, Friedman
2011, Jessoe and Rapson 2014). Based on this observation, we assume that the
proportion of customers who use the TOU tariff is given. However, there are
some examples showing that the TOU tariff may be optional to the customers
(Tweed 2011), so another future research direction would be to consider the set-
ting in which the proportion of customers using the TOU tariff is determined
endogenously by the electricity prices and customers’ values, based on consumer
choice behaviour.

In the third topic, we have focused on investigating the optimal decisions of
order quantity (or production quantity) and sustainability investment, given the
wholesale price. Although the effects of wholesale price on the optimal solutions
and profits are studied in this topic, it is worth considering the setting under which
the wholesale price is determined endogenously in the future research. Besides,
the consideration of the joint decision of the price and sustainability investment
may provide additional useful insights. Moreover, it is also interesting to study
the risk issues in a supply chain under the cap-and-trade regulation.

Finally, the combination of the three topics leads to a very interesting research
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direction. From an environmental perspective, the generation of electricity and
heat accounts for 41% of the total COy emission in the world in 2010. The use of
fossil fuels to generate electricity also accounts for 38% of total CO, emission in
the U.S. in 2012 (IEA 2012, EPA 2014). So it is an important future research
direction to incorporate the modelling of CO5 emission in the third topic into the
first and second topics, and examine the effects of the constraints of CO5 emission
on the capacity investment and pricing policies for the electricity company. To
extend our research on the TOU tariff with consideration of cap-and-trade regu-
lation, we can consider that the generation of electricity will emit CO,. Each unit
of electricity generated by different technologies emits different units of CO5. The
electricity company can buy or sell the emission allowances in an outside market
under the cap-and-trade regulation. In this way, we relate the three topics in this
thesis together. This thesis not only fills a gap in the literature, but also lays a

foundation for future research.
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Appendix A

Proofs and Supplement for
Chapter 2

A.1 Proofs

Proof of Proposition 2.1 We can easily show that I1.(¢’) is convex in ¢'. The
first derivative of I1.(¢%) with respect to ¢’ is

dIl.(q)
dq’

= 4'(¢) — (p2—m)

Note that ¢'(¢}) is increasing in ¢, so by comparing the values of ¢’(0) and
9'(q2/N) with py — p;, we obtain the results. [
Before presenting the proof of Theorem 2.1, we show Lemma A.1 for the model

with price inelasticity of total demand.

Lemma A.1 If g5 — qs(p1,p2) < Tki, the optimal capacities (ki(p), k2(p)) are
determined by:

(q1+qls£1;1,p2) 7 0)

(k1(p), k2(p)) = {(w 0)

T ’

if ¢s(p1,p2) > qo;
if gs(p1,p2) < qo-

If g9 — qs(p1, p2) > Tk, the optimal capacities (k1(p), k2(p)) are determined by:

(2=l ) if 4s(p1,12) < qo
and Ty + co > T + ¢q;

(ki(p), ka(p)) = { (Ltelnze) wotelonbaly f g (py, py) < go
and TPy + co < T + ¢q;

| no feasible solution if qs(p1,p2) > qo-
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Proof of Lemma A.1 Note from Constraint (2.3) that ks, determined by
¢2 — qs(p1, p2), can be zero or positive. So we consider two cases. The first case is
G2 — qs(p1, p2) < Tky such that ks = 0. In this case, the company’s profit function

can be expressed as

I,(k,p) = apiqi +p2g2) + (1 — a)po(qr + q2) — (P2 — p1)as(p1, p2)
—Bilq1 + q2) — ik (A1)

The second case is ga — ¢s(p1,p2) > Tky such that ky > 0. In this case, the

company’s profit function can be expressed by:

I,(k,p) = alpigr +p202) + (1 — a)po(gr + ¢2) — (P2 — p1 + B1 — B2)qs(p1, p2)
—B1q1 — Baga — (c1 + TP — TB2) k1 — caka. (A.2)

First we prove the results for the case ¢o — qs(p1,p2) < Tky (ke = 0). From
Equation (A.1), we find that II;(k, p) is decreasing in k;. Then the optimal k;
is equal to its lower bound, which is indicated by Constraints (2.1) and (2.2).

41+qls£1;1,p2) and 42*%7(_1?17172) to determine

Note that ks = 0, so we need to compare
the lower bound on k. After that, the proof for the case ga — qs(p1,p2) < Tky is
completed.

We then show the results for the case where g — qs(p1,p2) > 7k1 (ko > 0).
Recalling that we have two other constraints: Constraint (2.1) ¢ + qs(p1, p2) <

(1—7)k; and Constraint (2.2) ga—qs(p1, p2) < 7(k1+ks). If 0+as(P1p2) , 927s5(p1:p2)

1-7 T

(i.e., gs > qo), combining it with go—gqs(p1, p2) > 7kt and ¢1+qs(p1, p2) < (1—7)k1,

we get a contradiction. So there is no feasible solution if g5 > qq.

Next we show the results for the case where

q1+qs(p1,p2) q2—qs(p1,p2) /:
1—7 < T (le7

¢s < qo). Note from Equation (A.2) that II,(k, p) is decreasing in ko, and it is
increasing in kq if ¢; +76; — 782 < 0 and decreasing otherwise. Then we consider
two cases as follows:

(1) If ¢; + 761 — 702 <0, then II,(k, p) is increasing in k; and decreasing in
ko. From the conditions gy — qs(p1,p2) > Tki, ¢1 + qs(p1,p2) < (1 — 1)k, and

G2 — qs(p1,p2) < 7(k1 + ko) (where q1+(115£p71’p2) < qrqsipl’m)), we obtain that the

optimal k; and ks are ki(py,p2) = 2=4:P1:p2) 41 ka(p1, p2) = 0, respectively.

T
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(2) If ¢y + 701 — 702 > 0, then Il (k, p) is decreasing in k; and ko. In this
case, we still have the conditions gy — qs(p1,p2) > Th1, ¢1 + qs(p1,p2) < (1 —7)k,

q1+qs(p1,p2) < q2—qs(p1,p2) )
1—7 — T :

and ¢a — ¢s(p1,p2) < T(k1 + ko) (where However, in

order to maximize I1,(k, p), which is decreasing in k; and ko, we need to compare

c1+181—782
“—,——and L.

(2.1) If W > 1, then the optimal k; and ko are ki(p1,p2) = ‘“Jrqff(’f’p”

_ q0—qs(p1,p2)

and kQ(p17p2) - r(1—7)
(2.2) If W < 1, then the optimal ky and ko are ki(p1,p2) = 22=45(P1.p2)

T

and ky(py,p2) = 0.
Thus, by combining (1) and (2), we obtain that, for the case ¢; <

qo, (kl(Pl,m), k2(P1,p2)) = (wao) if oo + 76 — 76 < o
(/ﬁ(phpz), kz(phpz)) (Q1+qls(13_17172)’ q0 T%sl(p;)m)) if c; + 781 — 782 > co.
By combining the results obtained above, we complete the proof. [

Proof of Theorem 2.1 From Lemma A.1, we find that there are five cases for

the capacity decision. We enumerate them in Table A.1.

Table A.1: Five cases for the capacity values
p), k ( ) Conditions

(

(®

Case

(

(‘h
2 (QQ

(B

-
q42—qs(p1,p2) 0

1
+s p1,p2 0 qs(p1,p2) > qo and ga — qs(p1,p2) < Tk

qs(p1,p2) < qo and ga — qs(p1,p2) < Thy

)
qs pl,pQ ’O)
) qs(p1,p2) < qo, TBa+ 2 > TH + 1

3 ;
T and ¢ — qs(p1,p2) > 7k
4 (q1+qs(p1,p2) (IO*QS(plpr)) 4s(p1,p2) < qo, T+ 2 < TH + 1
om0 ) and g2 — qs(p1, p2) > Tha
5 no feasible solution qs(p1,p2) > qo and g2 — qs(p1,p2) > Tk

First, we divide Case 2 into two cases as shown in Table A.2:

Table A.2: Two sub-cases for the capacity values
Case | (k1(p), k2(p)) | Conditions
2.1 (QQ*qs(prz)’O) QS(p17p2> < q0, TﬁQ + C2 > Tﬁl +
T and go — qs(p1,p2) < 7hy
2-9 (Q2—Qs(p1,p2) ’ O) QS(plapQ) < qo, TP+ co<Th + 1
T and ¢ — ¢s(p1,p2) < 7k

Then, we complete the proof by considering three combinations:
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(1) First combination: by combining Cases 2-1 and 3, we obtain that
(k1(p), k2(p)) = (wﬁ) if gs(p1,p2) < qo and 762 +co > 761 +c1.

(2) Second combination: we combine Cases 2-2 and 4. Note that in Case 2-2,
ki = w, so the condition gy — qs(p1,p2) < Tk; is always satisfied and the
optimal value is obtained on the boundary of this condition for Case 4. This
implies that Case 2-2 is dominated by Case 4. So, by combining Cases 2-2 and

4, we obtain that (ky(p), ko(p)) = (q”qfﬁf’m), qo_;fsl(ﬁsm) if ¢s(p1,p2) < qo and

TPy + o < TP + 4.

(3) Third combination: by combining Cases 1 and 5, we obtain that

(lﬁ(P)a kz(P)) = (%}:,pz)’o) if QS(p17p2) > qo- L

Proof of Lemma 2.1 Note that ¢’(¢!) > 0 and po —p1 = ¢'(¢}) = ¢'(¢s/(aN)),

v

then the condition for Case III, i.e., ¢s(p1,p2) > qo, is equivalent to ps — py
9'(qo/(aN)). We can list the conditions associated with p; and ps: ¢'(qo/(aN)) <
p2—p1 < G(@2/N); p1 < py < p2 < pa; p2 —p1 = g'(gs/(aN)), All. < 0, and
AlL|(p1=0,p2=g'(q0/(arv)) < 0

Taking the first partial derivative of II,(p) with respect to p;, we have

aH C a s )
ﬁ = aq1+qs(plap2)_(p2_p1+1—17) qg;m)

op
aqi (pb p2)
alN—
) op

o ) ( n 1 ) alN
= « s ’ -
41 T 4s\P1, P2 b2 —p1 1=+ ¢"(gs/(@N))

where (9¢'(p1,p2))/0p1 = —1/9"(qs/(aN)) is derived from Equation (2.9). The

1
1—71

= aq +qs(p1,p2) — (P2 — 1 +

>0,

inequality holds because of p, > p; and ¢”(¢) > 0. Therefore, II,(p) is increasing

in p; for a given p;. Combining with the conditions listed above, we have the

result that the optimal point either lies on py — p; = ¢'(qo/(aN)) or All. = 0.
Next we consider the point along with the curve All. = 0, and we treat ps as

a function of p;. Then, we have

dpa(p1) _ OAIl./Op
dp OAIl./Op,
g+ gu(pyp2) — PR (p — py — ¢ (05/ (@)

gz = Gs(p1, p2) — 2B (g, — py — g'(q,/ (V)
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_ ot as(pnps) (A.3)
agz — qs(p1, p2)

The last equality holds because of ps —p1 = ¢'(¢s/(aN)), which is derived by the

customer’s optimal response of shifted consumption. Furthermore, we have

c c
Iy(plan=0) = pola1 +q) — aNg(gs/(aN)) — 1 _17% = Bilar + g2) — 1 _1 —q-
By taking the first derivative of II;(p)|am.—o with respect to p;, we have
dly(plan=o) _  Ily(p|an.—o) dp2(p1) | Oly(P|am.=o)
= +
dp Opa dp op
C1 aN dpz(pl)
= (¢'(gs/(aN)) + — +1
0/ (@N)) + T2 S (< )
N +
= g/ (0N) + )2 ot

1—7"9"(qs/(aN)) ags — qs(p1, p2)

This implies that along with AIl, = 0, II,(p) is increasing in p;. Note that

dp;TSIl’l) indicates that Equation (A.3) is negative. So the optimal point is the
intersection of ps — p1 = ¢'(q/(aN)) and All, = 0 regardless of the value of
pa. Although the value of ps is taken into consideration, the optimal point is
on py — p1 = ¢(qo/(aN)), which is the boundary of Cases I and II, if py >
g'(qo/(aN)); otherwise, there is no feasible solution for Case III. Therefore, we

say that Case III is dominated by Cases I and II. n

Proof of Theorem 2.2 Please note that v = < if 708, + ¢o > 781 + ¢1, and
v = % if 785 + ¢c3 < 7061 + ¢;. Then combining Cases I and II, we

express the profit function as follows:

y(p) = a(piqr +p2q2) + (1 — a)po(qr + q2) — (P2 — p1 — 7)as(P1, P2)
{(514—01)(114—(524—62/7)% if Tﬁg ey < Tﬁl T

1—7

A4
Bi(q + @) + 1 otherwise. (A4)

We next list the conditions associated with p; and pe: ¢'(0) < po —p1 <

9 (q/(aN)); p1 < po < p2 < p2; p2 — 1 = ¢'(gs/(alN)), All. < 0 and
All|(p=0po=0) < 0. Let w be the feasible region of p; and p, such that
g'(0) <py—p1 < ¢'(q/(aN)) and All. <0.
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Taking the first partial derivative of II,(p) with respect to p;, we have

o1l 9qs(p1,
a‘;(lp) = aq + ¢s(p1,p2) — (P2 — 1 — 7)%
alN
= aq + qs(p1,p2) + (P2 —P1— 7)m7 (A-5)

where (0qs(p1,p2))/0p1 = —(aN)/g"(¢s/(aN)) is derived from Equation (2.9).
Then we consider that, if ps — p; — v > 0, then B%Lp(lp) > 0 and II,(p) is
increasing in py; if po — p; — v < 0, then by taking the second partial derivative

of I1,(p) with respect to p;, we have

Ply(p) _  aN 9" (qs/(aN)) )<0
op? 9"(gs/(aN)) (9"(gs/(aN)))*/) =

Moreover, note from Equation (A.5) that p; and py only explicitly appear in

C—

the term of p, — p;. Combining it with ¢, = aNg¢g'~!(py — p1), we find that the

q(P)

solution of aap = 0 is py — p1 = pY, where p? is the solution of p, from the

equation: g(p lpi=0 = aqi + aNg " (p2) + (p2 — fy)g,,(g,oii]}’(pm = (. This implies
that the solutlons obtained from the first-order condition of II,(p) are a straight
line, e.g., po — p1 = pL.

On the other hand, we have

I, (plam=0) = pola1 + q2) — aNg(gs/(aN)) + vgs
{(51+01)Q1+(52+C2/7’)q0 if Tﬁg e < Tﬁl + e

1-7
B1(qr + q2) + 12 otherwise.

By taking the first derivative of II,(p|am.=o) with respect to p;, we have

dIly(p|am.—o) Ol (p|am.—o) dp2(p1)  Oly(P|am.—o)
+
dp, 8p2 dp, 8p1

- / . B aN a(q + ¢2)
= (9'(gs/(aN)) ”Y)g,/(qs/(@N)) aqy — qs(p1,p2)

- alN (g1 + ¢2)
P2 ) G N 0 — o, )

is indicated in Equation (A.3). This implies that along

where the value of dp 2 p 1)

with AIl. = 0, Hg(p) increases in p; when ps — p; — v > 0 and decreases oth-
erwise. Here, we consider two cases: Case (1) v < ¢'(qo/(aN)) and Case (2)

v > g'(q/(aN)).
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Case (1) v < ¢'(qo/(aN)). Then we consider the value of pY. Since

aHg (p)
op

|p2*p1=W = aq + QS(pLPQ) >0,

we have the result that p2 < ~ for Case (1), so we consider two subcases: Subcase
(1.1) pP < ¢’(0) and Subcase (1.2) pP > ¢/(0).

Subcase (1.1) p! < ¢/(0). Then in the feasible region w, we have %ﬁm > 0.
This implies that the optimal point is either on the line p; — p; = ¢’(0) or on the
curve All. = 0. Along with line ps — p; = ¢'(0), we have

ng(P|p27p1=C§(0))
dp;

algr +q2) > 0.

This means that the intersection of p, —p; = ¢'(0) and AIl. = 0 is optimal on the
line ps — p1 = ¢’(0). So we only need to consider the curve AIl, = 0. Recalling
that along with AIl. = 0, II,(p) increases in p; when po—p; —v > 0, and decreases
otherwise. Moreover, along with the curve AIl. = 0, we have dpjTEI;l) < 0, which
is indicated in Equation (A.3). So the intersection of AIl, = 0 and py — p; = v
is optimal on the curve AIl, = 0. Therefore, the intersection of All, = 0 and
pe — p1 = 7 is an optimal solution for Subcase (1.1) regardless of the value of py.

Next we consider the effect of the value of ps: the intersection of All. = 0 and
pe — p1 = 7y is still an optimal point if the line segment py = py is above it (i.e.,
pt = pP — v and p5 = pf if p, > pP); the intersection of py, = py and All. = 0
is an optimal point if the line segment ps = po is between the intersection of
pe — p1 = 7 and AIl, = 0, and the intersection of py — p; = ¢’(0) and AIl, = 0,
since II,(p) increases in po along with the curve All, = 0 when p; —p; —v <0
(ie., pi = p¥ and pi = py if pf < py < pP); the intersection of p, = ps and
pe —p1 = ¢'(0) is an optimal point if the line segment ps = py is between the
intersection of p; —p; = ¢'(0) and All. = 0, and p, = ¢'(0), since II,(p) increases
in p; along with the line segment ps — p; = ¢'(0) (i.e., pj = p2 — ¢’(0) and
ps = py if ¢'(0) < pp < p3'); and there is no feasible solution if py < ¢/(0), we
omit this extremely special case. The optimal shifted consumption is determined

immediately as long as the optimal prices are obtained.
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Subcase (1.2) pf > ¢'(0). Then there is the line segment p, — p; = p’ in the

feasible region w. The optimal point is either on the line segment py — p; = p?’

as % < 0 when ps — p; — v <0, or on the curve All. = 0. Along with line
1

P2 — P1 :pQD, we have

ng(p|p27p1=p2D)
dp>

= a(gp +¢q) > 0.

This means that the intersection of ps — p; = p2 and All. = 0 is optimal on the
line po — p1 = p2. So we only need to consider the curve AIl. = 0. Then the rest
of the analysis for Subcase (1.2) is the same as that in Subcase (1.1). Therefore,
we conclude that the intersection of All. = 0 and py — p; = 7 is an optimal
solution for Subcase (1.2) regardless of the value of py. Similarly, the optimal
solutions can be easily obtained when the value of p, is taken into consideration.

Case (2) v > ¢'(qo/(aN)). Then we have

o1, (p) aN

2—P1= 4 0 (07 — a —l_ S b + ! aN - —’
01 |ps—p1=g/(q0/(aN)) q1 + qs(p1, p2) + (9'(q0/(aN)) V)g”(qs/(OzN))

which may be positive or negative. So we need to consider three subcases: Subcase
(2.1) pP < ¢'(0), Subcase (2.2) ¢'(0) < pP < ¢'(qo/(aN)), and Subcase (2.3)
pY > ¢'(qo/(aN)). The analysis and results for these subcases are very similar
to those presented above, so we omit the details here. Combining the results of

Cases (1) and (2), we complete the proof. ]

Proof of Proposition 2.2 The results associated with ki, k3, kT + k3, pi, v,

and ¢! can be obtained directly by taking the derivatives of these optimal values

with respect to a. Note that for (p},p3) = (pl, p2), ‘gf = %(% — =) >0as

% — _Cj\gl = pé) > (0 for this case. Next we show the results for —dng and —Adnc as
(6% (6%
follows:

(1) (p;,p5) = (PF — 0,p%). By taking the derivative of II, with respect to a,

dllg _ 1N¢

we can obtain that o=
fe% 2 2cs

(2y — 6) > 0, where the inequality holds because

e _

0 < ~. Since AlIl. = 0 in this case, we have T

(2) (p;,p5) = (p¥, p2). By taking the derivative of II, with respect to o, we can

: dIl dq; cs dgs\ 7% 7% _ ¥ (% *
obtain that G2 = & (y—%%) = —Ng"(csq” —7) = —5N¢. (p3—pi—7—7) = 0,
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where the inequality holds because ps —p; —~ < 0 in this case. Similarly, All. =0

e _

in this case, so we have -

(3) (p},p5) = (pf,p2). By taking the derivative of II, with respect to «, we
0

can obtain that % =w+ %(5 — S4)2 > 0. By rearranging All,, we obtain

that AIl. = - (piq1 + P3g2 — Po(q1 + ¢2)) — ¢s(¢'")* which is independent of a, so

i, _

we have y
107

(4) (pf,p5) = (0,p2). First we note that in this case %—I;f =ags+ (p2 —p1 —
7)5er <0, implying that —(2c,q1 + (p5 — pi — V)N) = —(2csq1 + (72 —7)N) >
2¢,Nq'". Then by taking the derivative of II, with respect to cv, we can obtain that
dr,

G =w— 32 (2cq1+ (P2 —7)N) > w+ $22¢,Ngl" = w+paNg,™ > 0. Similarly,

by rearranging All., we obtain that AlIl, = %(p*{% +05q2 — Po(q1 + @) — cs(q'")?

i _

which is independent of a, so we have >

Proof of Theorem 2.3 Similar to the model with price inelasticity of total
demand, from Constraint (2.3), we find that two cases need to be considered,
according to the values of Ds(po, p1,p2) and 7k;. The first case is Da(po, p1,p2) <
Tk such that ks = 0. In this case, the company’s profit function can be expressed

by
I,(k,p) = Oé<plDT1 (p1,p2) +p2DT2(p17p2)> + (1 —a)po <DF1(]90) + DFQ(pO))
_ﬁlDl(p07plap2) - BIDQ(p07plap2) — k.

The second case is Ds(po, p1,p2) > Tky such that ks > 0. In this case, the

company’s profit function can be expressed by

I,(k,p) = 04(271DT1 (p1,p2) +p2DT2(p17p2)> + (1 = a)po <DF1(]90) + DFQ(pO)>
—B1D1(po, p1,p2) — B2D2(po, pr,p2) — (1 + 781 — 72) k1 — coks.
The rest of the analysis and proof are almost the same as those for the model

with inelastic total demand, so we omit the proof here. [

Proof of Theorem 2.4 By substituting the optimal response of capacity into

the company’s profit function, our objective becomes maximizing the profit func-
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tion by optimally setting the prices for electricity. The company’s profit function

can be expressed as follows:

o — B1.D1(po, p1, p2) — BaDa(po, p1, p2) — (Cl + 7681 — 7'52) Du(po.p1,p2)

1—7
Da(po,p1,p2) D1 (po,p1,p2) .
( ;. — SRR for Case I;

o — B1D1(po, p1, p2) — B1Da(po, p1, p2) — ClDQ(pO%pl’m for Case II;
Iy — B1D1(po, p1, p2) — B1D2(po, p1, p2) — Cllh(zio%p:m) for Case III,

I, (p)

where Ilp = Oé(PlDﬂ (p1,p2) +p2DT2(p1,p2)> + (1 — a)po <DF1(P0) + DFQ(pO))-
The proofs for Cases I, II, and III are almost the same. So we just present

the proof for Case III here.

By considering the Hessian matrix of the profit function, we have

o*n, o8*n, 9%y,

ang Opop1 - Opop2

| e, e%m, o7,

H(Ily) = dpipo  OpT  Opip2
0%, 9%y 9%,

Op2po  Op2p1 op3

—2(1 — a)(bF1 + bFQ) 0 0
= 0 —204le Oé(?“l + 7”2) s
0 Oé(?“l -+ 7’2) _QO[bTQ

and
|Hi| = —=2(1 — a)(bp1 + br2) < 0;|Hy| = —2abry < 0;|Hi| = —2abry < 0;
\H2,| = ( —2(1 — a)(bpr + bFz)) ( - ngTl) >0
\H2,| = ( —9(1 — a)(bpr + bF2)> ( - 2abT2> >0
|HZ,| = ( — 2@6’]"1) ( — Qang) — (oz(rl + 7"2))2 >0,
where the last inequality holds by Assumption 2.1. Furthermore, we have
Hiyl = (=20 = a)(bps + bpa) ) [HE| +04+0 <0,

Thus, the Hessian matrix is negative semi-definite, implying that II, is joint
concave in py and pi, and ps. pPo,p1 and py can be solved by the first-order

condition, i.e.,

oI <

8—g = (1—-a) <GF1 + ary — 2(bp1 + bra)po + (b1 + br2)B1 + be : ) =0
o, 1—71

o1l ¢

W%g = Oé<aT1 — 2bpipr + (11 +72)p2 + (bry — 72) 1 + lel —1 7'> =0

o1l ¢

-9 Oé<aT2 — 2brops + (7’1 + r2)p1 + (bT2 - Tl)ﬂl -n : ) =0.

s 1—71
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The optimal prices can be obtained by comparing the prices obtained from the
first-order condition for the company’s profit function and their boundary values.

Proof of Proposition 2.3 Note that for all the cases, (pj, pi, p3) is independent
of a. After taking the derivative of the optimal capacity and the company’s

optimal profit with respect to «, the proof is completed. [

A.2 Supplement for Some Trivial Cases

Here, we present the optimal results when Allc|(p,—op,—9) > 0 or ¢'(0) > 7.
If Alle|(p,=0,p2=g'(0)) > 0, then there is no solution for the electricity company.

If AlL|(p,=0,po=g'(0)) < 0 and ¢'(0) > ~, then the optimal solutions are shown
in Table A.3. Here, ¢} =

Table A.3:  Optimal prices and shifted consumption for the case of
Alle|p1=0p2=g'(0)) < 0 and ¢'(0) >

Case 21 p5 g AlL

Ep>py py—g(0) py 0 =0

If Po < p? P2 — g/(O) D2 0 <0

If ¢'(0) < v and All:|p,=0po=g'0)) < 0 < Allc|(p,—0p,=0), then the optimal

solutions are shown in Table A.4. Here, p3, p$, p2, p¥, and p!" are indicated in

Table A.4: Optimal prices and shifted consumption for the case of ¢’(0) < v and
Alle|p1=0.p2=g'(0)) < 0 < Alle|p=0.p2=0)

Case Sub-case D] 2 Al
If pp > plf 0 P aNg(p) =0

If p? < ¢'(0) If ps <pp <pl pPF pa aNgHp—p¥) =0
If pp < pé‘ p2—¢g'(0) py O <0
If Py > pit . OE Py OéNg"i(p? ) =
If pf <po <pfl p P2 aNg ™' (pa—py) =0

If / O < D < H 2 - 2 1 - 3 - 1

SOISPESP gy < <pf pE P2 aNg~H(p—pi) <0
If py < pP 0 P2 aNg Y (p2) <0
If pp > py’ 0 py aNg ' (pdh) =
D > H 2 2 2
It Py =P If pg S pg 0 pg OZNglil( 72) <0
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Theorem 2.2. pi! is the unique solution of p, for the equations:

All|p,=0 = %(pzﬁ — polqr + q2)) — P2’ + g(ql) = 0;
9'(q;) = p.

Similarly, if py is large, e.g., p» > pi, then we have p5 = pif, pt =0, ¢, =

aNg'~(pll), and AIl. = 0. The proof of the above results is very similar to that

of Theorem 2.2, so we omit it here.
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Appendix B

Proofs for Chapter 3

Proof of Theorem 3.1 Note that there are no k in the first part of II(k, p) in
Equation (3.2) and k only exist in the expected cost function C'(k, p), so we prove
the results for C'(k,p) instead (As the decision variables are k and p, here we
replace C'(k, Dy, Dy) by C(k, p) to have a consistent presentation with I1(k, p)).

For the notation simplicity, we replace y(p1, p2) by y.

C(k,p) = Eleiki + coky + Simin{ Dy, (1 — 1)k} +v1(Dy — (1 — 7')]f1)Jr

+5 min{DQ, kal} + 2 min{(D2 - Tk?l)+> Tk?2} + U2(D2 —Thky — Tk?2)+]

(I—=7)k1—q1—y
aN

= 1k + coko + ﬁ1</A (1 +y+ aNu) f(u)du

+[B (1- T)klf(u)du>

1—71)k1—q1—y
aN

B
oy / (a1 +y+ aNu — (1= 7)) f ()

1—7)k1—q1—y
aN

qo—y—T7k1
aN

+51 ( ﬁB (g2 —y — aNu) f(u)du + / Tkrlf(u)du)

2*;'1131*?/ A
42*?/;77']“1
—l—&(/ (g2 —y — aNu — 7ky) f (u)du
qo—y—T7k1—Tko
aN
qo—y—T7k1—Tko

+ /A - Thy f(u)du)

a2 —y—Tk1—Tky
N

+'U?/ ) (g2 =y — aNu — 7k — 7k) f(u)du.
A

Consider the first and second partial derivatives of C'(k, p) taken with respect
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to k1 and ko:

%ll;’p) - Cl+(1_7)(ﬁ1—vl)[1_F((l_T)ZlN— th—y)]
+7(81 — B P(E= LT (g — o (VTSR
*Ck,p) _ 1 (1— 7k —qu —y
e = api0 - e - e )
472(8, - i) (LT
_|_7.2(,02 — ﬁg)f((h -y _O:]—\l;l - Tk2)} >0,
aC! (k, N
% — 024_7—(52_,02)1;»(% Y Oé;'vl T 2>’
9?C(k,p) 1 by Tk Ty
Tk% - m72(v2 - ﬁg)f( N ) Z 0.

9C(k,p)

If ¢y > 7'(’02 — ﬁg), then D

is positive. It means that, under this setting,

smallest capacity of Technology 2 is optimal, i.e., k5 = 0. Otherwise, we consider

that
82C(k, 1 oy — 1k — Tk
P (- (TSR 5
Then,
PCk,p)PCk,p) (PCk,p)\2
k2 k2 _< Ok Ok, ) -
(CR NVl e )
—y—Tk oy — _
+T2(52—51)f(q2 gN ! )] (ajl\[)QTZ(Uz_ﬁ2>f(qz y O;\fl TkQ) >0,

together with % > 0 and % > 0, we conclude that C'(k,p) is jointly
1 2

convex in k; and ky. Then, the optimal capacities k(p) can be obtained by
9C(k,p)

_ oC(k,p) _
T—OandTQP—O ]

Proof of Proposition 3.1 Let f1 = f((1—=7)k1—q1—y)/(aN)), fo = f((¢2—
y—7k1)/(aN)), fs = f((¢g —y — Tk1 — Tk2)/(aN)). First we prove the results
for the effects of p;.

By Equation (3.4), we can obtain that 7k; +7ks = g —y—aNF " (ca/(7(vy —
B2))), from which we obtain that

Oky(p) _ O(Thi(p) + Tk2(p)) _ Oy(p) _ alNb;, > 0.

8p1 3291 ap 1
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Note that the optimal value of k; can be obtained by solving Equation (3.5).
Then by taking the derivatives of both sides of Equation (3.5) with respect to py,

we obtain that

dy(p)  Oki(p) Oki(p)  0Oy(p)
— — — =(1- — 1— — .
(8= B (=5 BL = TR — (1= 7)o — B (1~ ) T B~ R
By solving this equation, we obtain that
Ok1(p) _ 7(B2a = Bi)fo— (1= 7)(v1 — B1) fu aNb,
opm T2 (B2 — Bi)fa+ (1 = 7)2(v1 — Bi) fu ’
which may be positive or negative. Now, we can obtain that
Oka(p) _ 1 0ky(p) Oki(p) )
Op, T Op Op1
(I —7)(v = B)fi aNb,
(B =Pt (L =7 =B)fi T
Similarly, for the effects of ps, we can obtain that
OP) _ N, <0
Ip2
Oki(p) _  T(B=P)fo—(1—7)(01 =B ANby:
Opa 72 (B2 — B1)fa + (1 = 7)2(v1 — B1) fu 7
Oky(p) _ (1—=7)(v1 = Bi)fu aNby <0
Opa 2By = P)fo+ (1 =720 = B)fr 7 7
where %};’) may be positive or negative. [

Proof of Theorem 3.2 For the notation simplicity, we first let F; =

F((lff)kla(Jl\)[)*qry%FQ _ F(qry;;fm(p))’ and Fy = F(quyffk;(]s)frkz(p)). After

substituting (k1 (p), k2(p)) back into II(k, p) and taking first derivative of II(k, p)

with respect to p;, we have

oll(k(p),p)  Ol(k,p) ki (p) +5’H(k,p) Oks(p) +5’H(k,p)

Op Ok, op Oksy op1 op
oll(k, p) |
apl k=k(P)

= aq +y+osz1{p2 —p1+ (v = B)(1 = F1) + (81— B2) Fy

+(B2 — Uz)F:s}

(v = B)(L = F1) — }

= 04(]1+y+04N51{P2—P1+ -
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The second equality holds because %};’p) = 0 and %};p) = 0 when k = k(p).

The last equality holds because of Equation (3.3), where optimal k; is obtained.

By taking the derivative of W with respect to p;, we have

*l(k(p),p) (v1 = B1) OF
Here,
OF U=k (P)—a1 -y 1 ok P
A (LB KL LSy
op p1 aN Op1 Op
by 7'(52 - ﬁl)fz £>0. (B.l)

(1 —=7)2(v1 = 1) fr +72(B2 = B1) [
Then we obtain that

2
KPP _ 5 Np — aN,

(v1 — Br) OFY -
op? T Op
1 P1

<0. (B.2)

Although it may be possible that w is always positive as p; increase, we do
not consider the extreme case and only consider the interesting case that pj can

be obtained at the first-order condition of II(k(p), p), i.e., % = 0, which

leads to Equation (3.6). ]

Proof of Proposition 3.2 We first prove that dp;TSZQ) > 0. Note that, from

Proof of Theorem 3.2, we have

Oll(k(p), p)
Op

(v1 = B)(L = F1) — }

= OZQ1+Z/+04N51{272—]91+ -

Then we obtain that

82H(k(p) p) v — ﬁl 8F1
— "2 = aNby+b —b — 7.
Op10pa “ { 20 T Ops }
Here,
OF, _ a(lff)k;(]r;)*qty ;= 1 (1= Ok1(p) B @”01
Op2 Opa aN dp2 Opa
— _b, 7’(52 - 51)f2 f1 <0.

(1=7)%(v1 — 1) fi +72(B2 — B1) fo

Then we have that Z1(®).p) >0, so

Op10p2
9*T(k(p),p)
dpi(p2) " opiops
dps 32“%;(;)@) =
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The inequality holds because % > 0, and %}ff)’m < 0 which is indicated
1

in Equation (B.2).

Next, we prove the results for %
d d
dy(pr(p2),p2) - _ an{ =, 1 (p2) i)
dp> dps
bQ + b1 - b1_1)1*51 %
= — T P2
= O[N{ 2+’Ul_61% +b2}
T  Op1
_ aN(by —by)
T 5 | vi—B10f
2+ %Wnl

Note that g—gll > 0, as indicated in Equation (B.1). Thus, we have

M{ZO if by > b

dps < 0 otherwise.
[
Proof of Theorem 3.3 Consider that
dil(k(p),p) _ Ok, p)dpi(p:) Ok, p)
dps op dps Opa
oll(k, p)
= sz‘pl:pl(m)
= ag2 — Y — asz{pz —p1+ (v = B1)(L = F1) + (81 — B2) F
+(f2 — UQ)Fg}
_ 1—F) —
= 0492—y—OéNb2{p2—p1+(Ul 51)(7_ ) Cl}
1
= b—{b1(OZCI2 —y) + ba(aq + y)}
1
The second equality holds because that % = 0 when p; reaches its optimal

point. The fourth equality holds because of Equation (3.3), where optimal k; is
obtained. The last equality holds because of Equation (3.6), where optimal p; is
obtained.

Then we consider the second derivative of II(k(p), p) with respect to py, and
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we have

IlU(k(p),p) 1 dy(p1(p2), p2)
—— 55— = (b= b)
dps3 by dp2

i O[N(bg - b1)2

v1—p31 OF
bl 2 + TW;

> 0.
The inequality holds because g—gll > 0, which is indicated in Equation (B.1). Thus,
[I(k(p), p) is convex in ps.
Note that the price in the peak period is not less than that in the non-peak

period, it means that we have the condition ps > p;. Then we consider

dll(k(p), p 1
%hﬂpl = b_l{bl(Oé(h - y(pl,lh)) + bg(oqu + y(pl’pl))}
1
- b—{bl(ozq2 —alNa) + by(aq + aNa) + aN(b — 52)2271}
1
> 0.

The inequality holds because of a < a+B < ¢o/N which implies that agg—aNa >
0. Combining it with the result that II(k(p),p) is convex in p,, we then obtain
that II(k(p), p) increases in py for p; > p;. Thus, we have the result that the
upper bound of ps is optimal.

Recalling that the shifted consumption and the remanning consumption in
the peak period after the shift both should be non-negative, i.e., g; > 0 and
aqs — qs > 0, which require that —aNA < y(p1,p2) < age — aNB. On the other
hand, from Proposition 3.2, we have the result that % > 0 if by > by,

and dy(p1(p2),p2)

< 0 otherwise. So the upper bound value of p, is the minimum of
two values between py and the value of py such that y(pi(p2), p2) = aga — aNB
if by > by, and such that y(pi(p2),p2) = —alNA if by < by. Therefore, p5 =
min{ps, P2 }, where py is the unique solution of y(pi(p2), p2) = aN(a — bip1(p2) +
bopa) = aqa — aNB if by > by, and is the unique solution of y(pi(p2),p2) =

aN(a — blpl(pg) -+ bgpg) = —aNAif b2 < bl. |

Proof of Proposition 3.3 Recalling that the optimal capacities are deter-
mined by Equations (3.3) and (3.4), and the optimal price in the non-peak period
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is determined by Equation (3.6). We rearrange these three equations, and let

Gy = 1(Ba—Bi) o+ T(ve = Bo)Fs + (1 —7)(v1 — B1)(1 = F1) —c1 = 0,

Gy = ( 52) Fy—cy =0,
(i =B)A—F)—«

Gs = @i+ Ny + Nbi(pr—p1 + . ) =0.
And we have that %2 = 982 = 901 — _L.72(y, — Bo)f3, 9 = — L {(1 -

T

)2 (v1 — B1) f1 + 7282 — B1) f2 + T2 (v2 — Ba) f3}, %—%‘ = —ﬁNbl(lfT)(vlfﬁl)fl, and

%—i"f‘ = %21_1’2) Before considering the three cases, we define L = (1 — 7)%*(v; —
B fit 7 (Be=Pi)f2 2 0, H = (vi—B1) fi(B2— 1) fo = Oand M = 2L+b H > 0.

(1) For Case I, i.e., pj is determined by y = —aNA, then we have con-
dition b, < b; and we have y' = —A. So I} = F((lT)kla—]f’,“LO‘NA) F, =
p(eteNArhy po _ p(etoNA-tkiorky g F(a=nha= q1+aNA) £ =

f(%), and f3 = f(quraNf(\l;VTkl’TkQ). Note that y* = —A, by which we
obtain that p, = %. Then G35 can be rewritten as Gz = ¢4 — NA +

Nby (M 1+ M) And we directly obtain that dyl = jTyl =

By taking the first derivatives of G1, Gy and (G5 with respect to ¢, we have
dGy 0Gy  0Gidky  0G, dk;

= —+ L+ 2,
dql aql 81{:1 dql 81{:2 dql
AC, _ G, Gy dk; | OCydky _
dql aql 81{:1 dql 81{:2 dql ’
dGy _ 0Gy | 0Gydki | 9Gsdp; _
dq Iq Oky dq Ip1 dq

Hote, 852 = 0, 950 = (1 7)(uy — )i, and 25 = 1 4 4 Mt gy

solving the above equations, we obtain that

dky  (1—=7)(vi = B)fi dks (1—=7)(v1 = B)fr

dql L - dql L -
dk:* dpy b NbH
{2 2 (1+ TINOy ) < 0;
dql dql Nbl(bl — bg) alNL
dps _ bidpt _
dq bz dCh

(2) For Case 11, i.e., p} is determined by y = ags — N B, then we have con-
dition by > b; and we have y' = ¢o/N — B. So F| = F((lfT)qu;;Va(qTNB)), F, =

F(‘D O4(6120411\7\”9) T/ﬂ) Fy = F(612—a(q2—J\Ofél;)—ﬂ’ﬁ—T/’cg)7 f = f((l—’f')/‘u'l_qold—VOé(CH_NB))’
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fo = f(QQ_O‘(QQ;]JVVB)_Tkl), and f3 = f(Q2_O‘(QQ_]\;?_Tk1_Tk2). Note that y* =

¢2/N — B, from which we obtain that py = W. Then G3 can be

rewritten as Gs = ¢ + qQ — NB + Nb, (bp=ata/N=B _ | ioB)U=R)zen) yyg

ba T

directly obtain that = j—y = 0.
q1 q1

By taking the similar method with that for case I, we obtain that

dky  (1=7)(vi=Bi)fi _ dkys  (1—=7)(v1—Bi)fi

= : =— <0
dql L o dql L o
dk:* ¥

A b TNWH
dql dql Nb1 (bg — bl) aNL
@ by dpl
dg, b2 dCh

(3) For Case III, i.e., p5 = p, then we have [y = F(U-2A-ayy @y —

FEEER), Fy = F(2Rp=e) f = f(UE0Y), fo = f(25050), and

fz= f(”_y_;#) We immediately obtain that dpf = Z—; =0.

By taking the similar method with that for case I, we obtain that

dpy oL +7hH dk, oL+ 7 H

=—p g 20 =—7 =0

dgy — aNb M dq, y

dky 1

dn —{ (1= 1)1 = B) raN[(2 = @)L + by (1 = 7)H]
+7(82 = ) folaNL +TNblH]} > 0;

dk’ 1
o = T D = B faN (e~ 2L

(8 = B1) 21 = @)laNL + TNb H) .

So if & < 27 then j—]f <0, and if @ =1 and 7 < 3 (and we assume that 7 < 3)
then Z—If > (. For y* and y, we have ;% = —bldpl < 0 and dy = —od\fbldp1 <0.

Proof of Proposition 3.4 The results can be obtained by following the similar
proof approach of Proposition 3.3. So we omit the details of the proof and only

show the results here.
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(1) For Case I, we have
% — M > O'@ _ (1=7)*(v = B
dgy L ~dge L
By o b 0o
dqy "dgy by —by aNL — 7
ds _budpi o i dy
dgz by dgo dg,  dgo

(2) For Case II, we have

dki _ (B = Bl —a) + (1= 1) = B)fia _

=1>0

> 0;

dQQ L -

dky; _ (1=7)(1 =B LA -7 —)

dqo 7L ’

dk dp’ by by NbH(a+7—1)
_ P _ 1— . i_ 7z 1 “1 .
d(]2 @ O’ dQQ Nbl(bg — bl)( + b2 * aNL )7
dpy _bidpi 1 dyt 1 dy

= — =—>0-—=a>0.
dgs  badgs  Nby dga N dgs
. dk3

Sowehave%ZOifl—T—(sz, s

dgs
dp* dp
apy > (0 and P2 > 0.
dgz dg2

(3) For Case III, we have

dkf _ 2T + bl('Ul - ﬁl)fl E S 0 dk; _ 2(1 — 7')2(1)1 — ﬁl)fl

< 0 otherwise, and if &« + 7 > 1 then

dgo (v1 = B1)fa M~ 7 dg TM
dk* * * * o
—p:T(%—I—%)ZO; dpi _ _(1-7)H <0:
dgo dgs dgs dgo aNM

dp dy' dp} dy dp}

dgo dgs ! dgs dgs ! dgs

Proof of Proposition 3.5 Note that for the impact of the market size (N),

we consider the scenario that the original total demand in the non-peak period

per customer (¢i) and the original total demand in the peak period per customer

(¢5) are unchanged with the market size, and we have ¢, = N¢!

Then by following the similar proof approach of Proposition 3.3,

results which are shown as follows:
For any case, we have
~dp] dp}

ﬁ:ﬁz;dké‘zﬁzo;%:w>07 _ o, 22
dN N dN N dN N dN dN
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For Case I, we have j—;{, = —aA > 0; for Case II, we have j—}’v = agy—aB > 0;

and for Case III, we have 2% = ay’ > 0.

AN u

Proof of Proposition 3.6 Similarly, the results can be obtained by following

the proof approach of Proposition 3.3. So we omit the details of the proof and

only show the results here.

(1) For Case I, we have

dki  —(@@ = 7k)7(B2 = B1) fa + (1 = T)k1 — ) (1 = 7)(01 — ) f1 |

da al ’
dky —kom* (B2 — B1)fo+ (1 —7)*(v1 — Bi) fil2 — & — kz]‘

da al ’

dky _QQ—Tkil—Tkg.@__bgT(l—T)[qf—lg—lT]H<0'

da a " da a?N(by — by)L -

dps _ bidpi _ . dy' _0 W _ _Naso

da byda — ' da da

(2) For Case II, we have

dki  —(q@@ = 7k)7(B2 — B1) fa + (1 = T)k1 — ) (1 = 7)(02 — ) f1 |

do al ’
dky —kom* (B2 — B1) fo+ (1 —7)*(v1 — Bi) filZ — 7 — kz]‘

do al ’

dk;, o _QQ—kal _TkQ‘@ - 527(1_7)[(1?2_1(1,—17]}] > 0:

da a " da a?N(by — by)L -

dpy _ by dpj dy' dy

(3) For Case III, we have

dk*
dal = &LM{[IQ —q1 — @|tH — 2(qe — Tk1)T(52 — P1) fo

+2[(1 = k1 — @)(1 = 7)1 = B}
dky _ 2ko7?(By — B1) fo + 2(1 = 7)% (01 = Bu) fulks — 2 4 {25] + kabi H

do oM :
dk;, _ - Thky — 7ks N T(1—7)[%2 - ﬁ—lT]blH.

do o alM )

dp; _ T(L-7)[% —H .

da a?NM =

dp3 dy' dpy dy . dp?

do 07d lda—o’d (y aldoz)



The inequalities hold for % because that qf > and H > 0. Although the

i
effects of a on the optimal capacities may not be monotone, here, we present the

values of the derivatives of the capacities with respect to a for completeness. m

Proof of Proposition 3.7 The results can be obtained by following the similar
proof approach of Proposition 3.3. So we omit the details of the proof and only
show the results here.

(1) First we consider the impacts for Case I.

1.1) For ¢y, we have

dki  aN dk} aN aN
=02 = -4 <o
dey L = de T2(v2 — B2) f3 L
LS SN S ¥ RS 1
dey 7(va — Ba) f3 C2 7(by — b1)L
dpy _ (L =7)(vn — ﬁl)fl > 0: dy' _dy _
dCQ T(bg — b1>L dC2 dCQ
d O Ok | Oldk | OT1dp; | O dyy
dC2 N 802 8%1 dCQ 8k2 dC2 8p1 dCQ 8p2 dCQ
_ on, oy
N 602 6p2 ng
oIl dp%
S e Y
Opa dcy
For 4 d— the second equality holds because gl? = glg = % = 0 when the optimal
solutions are obtained. However, CilH may be positive or negative, as 2 > 0 and

gn > 0 (as indicated in the proof of Theorem 3.3, g_n > 0 when the optimal
p2 P2
solutions of ky, ks and p; are obtained).

1.2) For ¢y, we have

dky alN dky  aN

= —— <0; =— 2>0;
dCl L - dCl L -
%: ,dPT —b (1_T)(Ul_ﬂl)f1_7(62_61)f2'
dey — de, (by — by)L ’
dpy by dpl dy’ @ _
dCl b2 dCl dCl dCl
Here, % and & “ may be positive or negative. Consequently, < dq = gg + apHQ Z’; o

may be positive or negative, though g—g < 0 and g—; > 0.
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1.3) For (35, we have

dki _oNTFy _  dks ____oNF __aNtF _
dfs L " d By T(vy — B2) f3 L -
dk, ___aNF Jdpr ) (1 =7)(v1 = Bi) fiFo > 0.
dps (V2 = B2)fs = T dBy ? (by — by)L =
vy _ —b1(1 T = B)hE 0 dy' _ dy _
df3 (by — b1)L = dBy dps
Note that dp2 > 0, s0 % = 5’;}2 + g; jgi may be positive or negative, though

8}}<0and aH>0

1.4) For (1, we have

dky _ _aNTFQ +(1—-7)(1—F) ; dk} _ aNTFQ +(1—=7)(1—F) > 0.
dbh L dph L
dpy b (1 =7) (v = Bo) [iFo — (B2 — f1) fo(1 — Fy) dk, 0:
— U2 Yy 70 D
db (by —b1)L db
dpy _budpy dy' _ dy _
dpy  bydBy dpy  dp
Here, Zgl and 2 * may be positive or negative. Consequently, ‘fi— = g[?l + g}g ng
may be pOSlthG or negative.
1.5) For vq, we have
* X dk;,
dky _o %2 dk; aNF3 > O aNF3 > 0.
dvy dUz ( 52)f3 V2 (’02 - 52)f3
dvy " dvuy "dvy  duy
i _ 9 oIl dps dpy
And, d132 a£+algd52<0as <0and 32 =0.
1.6) For vy, we have
dki  aN(1—7)(1— Fy) > 0. dk;  aN(1—71)(1— Fl) <0 dk, 0
dUl— L - ,d’Ul_ L d’Ul_ ’
de — T(ﬁz—ﬁl)fz(l—Fl) < %_ by dpl dyz dy
dvy — ° (by — by)L Ydvy badvy —duy dvy,
Note that % < 0, then ‘331 = gg + ngQZZ? <0, as aH < 0 and an > 0.

(2) Then we consider the impacts for Case II.
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2.1) For ¢y, we have

dki aN dk3 aN _aN <0
dey L = Tdey  THua— o) fs L =7
% _ alN dpl _ b2(1 —7)(v1 = B)f1 <0:
dC2 ( ﬁg)fg dCQ T(b2 — bl)L -
@ _ _51(1 —7)(v — ﬁl)fl . o @ _
dCQ (bg — b1>L dC2 dCQ
Note that dp2<0 thenz—gg—i—gpriji; O,asg—gg(]andg—prizo.
2.2) For ¢y, we have
¥ x dk
dCl L dCl L dCl
dpi _, (L=7)(v1 = B)fr = 7(B2 = Bu)fo dps _ by dpi dy' _dy 0
dCl 2 (bg — bl)L ’ dCl b2 dCl dCl dCl .
Here, % and 222 Je- may be positive or negative. Consequently, ¢ dq = gcnl + g}i Zi de
may be positive or negative, though g—g < 0 and g—pg > 0.
2.3) For B, we have
dk;y _ aNTF, > 0. dk; _ aNF;  aNTh <0
dps L d s 7(va — B2) f3 L
dky aN Iy Jdpy b (1 =1)(v1 = Bi) fiFy <0
— T aNr = ) — — U2 f— b
dps (’02 - 52)f3 d s (52 - b1)L
dpy _ ) (1 —7)(v1 = B) [i > <o dy* _dy 0
dps (by — by)L — dBy  dps
Note that p2 < 0, then Zg = (%2 +ngngQ <0, as gg < 0 and aH > 0.
2.4) For ﬁl, we have
dkr _ —O[NTFQ + (1 —T)(l — Fl) S O, @ _ aNTFQ + (1 —T)(l — Fl) 2 O,
dﬁl L dﬁl L
% — 0 dpi — (1= 7)(v1 = B) frFo — (B2 — B1) f2(1 — F1)
g, dp (bs — 1)L !
dpy _ budpy dy'  dy
By bydBy dpy  dp
Here, Zgl and p 75 may be positive or negative. Consequently, I d61 = ggl + 31132 jgi
may be pOSlthG or negative.
2.5) For vy, we have
Ak ok oNF o d  oNR o
dvy dva  T(va = Ba)fs dva  (va — B2)fs
d’UQ ’ dU2 ’ dU2 dU2
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And, 4&

) dvg

_ on , o1 dpy eing dps _
= 50, T <0 as < 0 and o =

Op2 dvz Ovg

2.6) For vy, we have

dk?

_aN(-7)(1- F)

dks __aN(-7)(-F) _ dky

dU1 L o ’d’Ul L d'Ul ’
de:bT(ﬁz—ﬁl)fz(l—F1)> .@:ﬁ@>o‘dyz dy
dv, (by — by)L = Vduy bodo, T dvy du

Note that % > 0, so Cé% = gg + g}g Zﬁf may be positive or negative, though

oIl oIl
D0, SO, and op 2 0.

(3) Last we consider the impacts for Case III.

3.1) For ¢y, we have

dpy (1 =7)(v1 = B)fa dp’

dCQ M - dC2
dk; _ 2aNT +04Nb1)@20;
des (I=7)(v1 =Bi)fi  1—71"decy
dk} _ alN n aNby dpi  dkj <0
dcsy 72(v9 — Po) f3 T dey  dey
dk;; aN dp*
P 1
— =———+alND <0;
dey — 7(vy— Ba) fs tdey
dy' dpi dy dpi
=-b > 0; = —aNb > 0.
dcs ! dcsy " dey ' dey
dire oIl n Oll dky  Oll dk5 Ol dpy Ol dp;
dCQ - 602 81{:1 dCQ 81{:2 dCQ 8p1 dCQ 8p2 dCQ
ol
- 802
= —k3 <0
For , the second equality holds because gl? = glg = 5 = 0 when the optimal

solutlons are obtained, and p} = p, which follows that dL;; = 0.

3.2) For ¢;, we have

dpy  (1—=7)(vs = B1)fi = 7(Ba — B1) fo_dp3

dor M P
dky —aN2 +01((v1 = B1) f1 + (B2 — B1) fo) <0
dCl M
ks 27 + b1 (v1 — i) i

=aN > 0;
dCl “ M -
dk; dp: dy dpi  dy dpj

aNb —*; L. = — _aNb —.

dCl Yde, dc C1 d C1 ! dCl ’ dCl @ ! dCl
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dpy  dkp  dy’ dy _on
Here, dor? dort der and o~ may be positive or negative. Slmllarly, = &5 < 0.

dc1 —
3.3) For f3,, we have

dpi _ (A—7)(vi = B)NhE _ dps _
dfa M T dpBs 7
dkj _ _(@Nbl n 2aNT dpy > 0.
d s =7 (1—=7)(vi = Bi)fi"dBe
dk; _ aNF3 +osz1@_dk>f <0
dfa 7(v2 — B2) f3 T dfy  dps
dk
b oNE e L,
dfs (v2 — B2) f3 d 3
dy’ dpy dy dpy arre - o1l
=-b >0;— = —aNb > 0; =— <0.
By~ 'dBy T dBs By T U dBy 9y
3.4) For f3;, we have
dpi (A —7)(1 =B =1 [iFs —7(B2 = 1) o(1 = F1) dp; _ 0:
dph M Tdpy
dki _ T Hon = B)AIR+ A - R)RA 1)+ 0B - B)f]
dpy M -
dk?; _ aNFQ[QTQ + bl(vl — Bl)fl] + 27'(1 — T)(]_ — Fl) 2 O,
dﬁl TM
dk;, dpt dy’ dpt d dp?
Nb1 pl y = — 1ﬁ;—y:—OZNb1 pl.
sy dp,’ dp, dfy dp dp
Here, jgi, ;l—gl, jgl and - may be positive or negative, and (jl = ggl < 0.
3.5) For V3, we have
dpy dp; 0: dky 0: dky — aNF;3 -
dv,  dvy  Tdvy dvy T(va—fBo)fs T
dk i *
P aNR_dy _dy _dn_om
dvy (v2 — B2) f3 dvy dvy dvy vy
3.6) For vy, we have
@ _ 7(B2 — B1)fo(1 — FY) >0 @ -0
dUl M - dUl '
dk’r 2(1 — 7') + 61(52 — ﬁl)fz
=aN(l-F >
d’Ul @ ( 1) M - 07
dk; 2aN(1 —71)(1 — Fy) dk;, dp;
— <0; aNb ;
dv, M = e, 1d’ul 2 0;
dy’ dp; dy dpi _ . dII’ o1l
= -} < 0; = —aNb < 0; =— <0.
dU1 1dU1 U1 1dU1 ’ dU1 8'01 -
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Appendix C

Proofs and Supplement for
Chapter 4

C.1 Proofs

Proof of Proposition 4.1 Note that Equation (4.1) is a newsvendor model,

so we can obtain the results immediately. n

Proof of Proposition 4.2 By taking the first and second derivatives of the

profit function II,,(s) with respect to s, we have

dll,(s) L, p—w '
7 = ¢b(F (p n Ch> +d) + (w—c—cea) + (2¢.b8 — ¢r)s;

d?11,, (s

TM = QCebB — Cy.

Then I1,,(s) is concave in s, given that ¢; > 2¢.b5. By solving the first-order

condition, i.e., deLS(S) = 0, we obtain that
. ceb(F—l(II):Z) +d)+ (w—c— cea)ﬁ'

cr — 2¢.bp

Proof of Proposition 4.3 The effects of b and ¢; can be obtained by just
looking at the formula of z* and s*, i.e., Equations(4.2) and (4.4), respectively.
However, the effects of 8 and ¢, are more complex and not monotones in

ds* dx* ds*

general. For completeness, we show the value of GG 45 de and % in this

proof as follows:
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Recalling that z(s) is determined by the first-order condition of the retailer’s

profit function:

Oll,.(x)
ox

= (pte)F(r—d—pPs)—p+w=0,

and s* is determined by the first-order condition of the manufacturer’s profit

function:

dll,,(s)
ds

= (w—c)B+ cbx(s) — c.fla—bs) —crs = 0.

Let Gy = mgx(m) =(p+ae)F(r—d—ps)—p+wand Gy = dnc’g(s) =(w—c)f+
cebx(s) — c.fla— bs) — ¢ys.

By taking the first derivatives of G; and G5 with respect to 3, we have

dGy adxt ds*
dG dz* ds* ds*
d—; = w—C—FCeb%—Ce(a/—bs*)—FCebﬁ%—C[ dﬁ :O,

where p = p+ ¢, and f = f(z* —d — Bs*). Solving the above two equations
obtains that % = %, % = 5"+ %B, but they may be positive or
non-positive. By taking the above approach to consider the effects of 5 and c., we
can obtain that | % = %ﬁbs*), and % = %B, but they may be positive
or non-positive too.

For the effects on the profits, by taking the first derivatives of II7, II7 . and
IT; with respect to b, we have

dIr: oI, Ol dz* Oll,.ds* 0Oll, Oll, ds*

db ot o T o = et T 5 e ame)

= B+ aFG —d— s

cr —2c.bB
airy, ol N O, dz* N o1, ds*
b b Oxr db ds db
oTl o1, da*

o (=) T gy e
Cex™ + c. 5"
= e frt — C 7 Ce\U — bs”*
ces* " 4+ (w — ¢ —c.(a — bs™)) PPy
de 8Hd 8Hd @ 8Hd ds*

db o " Oz db | Bs db
= ¢+ ((p—c—cela—bs")B —crs* + c.bax™)

B;

CeX™ + Cof3s*
cr —2c.bB
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o, _

In the first equation, the second equality holds because 0 when (z = 2%, s =

ox
s*), and in the second equation, the second equality holds because ag—sm = 0 when
ok o ok dIl:  dIT, dir, " "
(v = 2%,s = s*). However, —r, =z, and —¢ may be positive or non-positive.

Similarly, we can obtain the values of the first derivative of II7, II7 , and II; with
respect to [, c., and c¢;. Unfortunately, they are complex and are not monotone

in general. [

Proof of Proposition 4.4 By taking the first and second partial derivatives

of the profit function Il.(z, s) with respect to z, we have

% = (p+e)(l=F(r—d—ps)) —c—ch—cela—bs);
PILES) (4 efo—d—5s) <0

As the second partial derivative is non-positive, I1.(z, s) is concave in x, and the

optimal response of the production quantity is uniquely determined by the first

Oll.(x,s) —0.

order condition of the profit function, i.e., =5-

Ol (z,s)
f oz

Proof of Corollary 4.2 By taking the derivative o with respect to s,

we have
0?11,
ﬁ = (p+on)flz—d—PBs)b+ced.
i 9% Te(a,s)
Then, by the Implicit Function Theorem, i.e., Z(ss) = — 3%, we have
Plle(e.s)
dz(s) _  (p+cp)fl@—d—Ps)B+ch
ds —(p+cn)f(x—d—Ps)
o))
= B+ ¢ > 0.

(p+cn)f(x —d—Bs)

Proof of Proposition 4.5 Given that ¢; > 2¢.00, it is difficult to determine
the sign of % directly. So we take the third derivative of II.(z(s), s) over

s, and we have

Ao (x(s),5) (ceb)*f'(x(s) — d — Bs)

ds? () (fla(s) —d = Bs))*
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When f'(-) > 0, we have % < 0, it implies that @3 g concave

ds
dIl.(z(s),s)

in s. So P

= 0 has at most two roots and the larger of the two makes a

% from positive to negative that corresponds to a local

change of sign for
maximum of II.(z(s), s).
When f’(-) < 0, we have % > 0, it implies that %ﬁ‘ﬂﬁ) is convex in

= 0 has at most two roots and the smaller of the two makes a

ds
change of sign for %ﬁ‘ﬂﬁ) from positive to negative that corresponds to a local
maximum of II.(z(s), s). ]

Proof of Corollary 4.3 For the uniform distribution of the demand, ¢ «

U[A, B], then f(z) = 525 and f/(z) = 0. We have

d?T1
—cgfgs), s) 2¢.bB — cp +
s

(ptcn)
(p+cn)

(cb)2(B—A) [>0 if e; < 2c.b8 + 2B,
< 0 otherwise,

(ceb)?(B—A)
+ (p+en) 7

and concave otherwise. So there is at most one optimal point of s that satisfies

which means that II.(z(s),s) is a convex function if ¢; < 2¢.b5

dll.(x(s),s)/ds = 0 for the uniform distribution.
For the exponential distribution, e «» Exp(1/6), then f(z) = le73 and f'(z) =

)
—1f(s) = —%e 7. We have
BT((s),s) (ceb)’
ds3 = () —d— B =

So dIl.(x(s),s)/ds = 0 has at most two roots, and the smaller of the two makes
a change of sign for dIl.(z(s), s)/ds from positive to negative that corresponds to

a local maximum of I1.(z(s), s).

N CE

S 202
Norr and

For the normal distribution, € «~ Normal(u, o), then f(z) =
f'(z) = ==Ff(2). We have
dPe(x(s),s) (c.b)? z(s) —d—f[s—p
ds? (P + cn)?(f(2(s) —d = Bs))? o?
{ZO if z(s) —d — fBs > u;

< 0 otherwise.
By Corollary 4.2, we obtain that
d(x(s) —d—ps) ceb
ds (p+en)flex—d—ps) =7
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which means that x(s) —d — s increases in s. Let s; be the solution of z(s) —
d — fs = p. Then we have that, if s < s, then dIl.(z(s),s)/ds is concave in
s; if s > sy, then dll.(x(s), s)/ds is convex in s. In other words, dIl.(x(s), s)/ds
changes from a concave function to a convex function as s increases. Therefore,
dll.(x(s), s)/ds has at most three roots, and the one (and has at most one) makes
a changes of sign for dll.(x(s), s)/ds from positive to negative that corresponds

to a local maximum of T1.(z(s), s). ]

Proof of Proposition 4.6 (a) Recalling that z(s) is determined by
Ol (z, s)
Ox
and s* is determined by
dll.(z(s), s)
ds

Let Gy = el@s) p+cp)F(x —d—p08s) —p+c+cla—bs) and Gy =
ox

Mele@) — (p ) F(x — d — B5) — e15 + coba(s).

= (p+c)(1—=F(xr—d—Ps)) —c—cp—cela—bs) =0,

= (p+aep)Flx—d—ps)B —crs+ cbx(s) =0.

By taking the first derivatives of G; and G5 with respect to b, we have

dGy ~dx* . ds*
il —(p b —— — 0
db CGS +pf db (pfﬁ + Ce ) db O)
dGy A dz* "o ds*
i cex” + (DfF + ceb)—p = (BfB" + er) - =0,
where p=p + ¢, and f = flz* —d— ps").
Solving the above two equations obtains that
* * cebees™
ds* _ _cex + c.Bs* + “F -
Ce 2 — )

db 2008 — ef + -

dz*_ ces” A (BfB + cb) L -0

db bf -

The inequalities hold because that, when s is obtained at the optimal point,

062 2¢$S,S
2ecbf — ep + - = LR <,

Similarly, by taking the first derivatives of G; and G5 with respect to ¢y, we

have
dGy ~dx* . ds*
_— g ) — N b g N
dC[ pf dC[ (pfﬂ + Ce )dC] O)
dGy A dz* A ds*
—= = -5 D b)— — (pfB2 =0
2= s (8 o) T~ (f 8+ o) T =0,
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Solving the above two equations obtains that

ds* s* <0
de; _ (ceb)? = 77
T 2¢.b0 — cr + o7
dx* . (ﬁfﬁ + Ce@% <0
dC[ ﬁf -
The inequalities hold because we have that, here, 2¢.b3 — ¢y + % < 0 when

*

S=S5.

By taking the above approach to consider the effects of § and c., we can

. * _ * * 5f b ds*
obtain that, for 3, % = —=¢ebs™ > () gpd 9 = g 4 BIBEcebds™ > ) fop
’ b: G5 2ceb5w+% = dp pf A8 =
. —ba* 4 BIEEceb (g _pgr) * —(a—bs*)+(pfB+ceb) L _
Ces ZS = H——>— and ff = ——— 4« hut which may be
Ce ZCebB—CI-l—c;—f Ce pf

positive or non-positive.

By taking the first derivative of II with respect to b, we have

a1t} oll, Oll.dx* OIl.ds*

b~ 9 T ox b s db
oI,
- ﬁkx:z*,s:s*)
= ¢.srF >0
The second equality holds because 4k = 2l = ( when (z = 2%, s = s*). Simi-
larly, we can obtain that % = —(S;)2 <0, ddnﬁ: = s*pF(2* —d — ps*) > 0, and
% = K — (a — bs*)z* but which may be positive or non-positive. [

Proof of Proposition 4.7 The retailer’s problem is a newsvendor problem, so

we can easily obtain that

os) = P —d—ps

By substituting the x into the manufacturer’s profit function, and taking the

derivatives with respect to s, we have

dIl,,,
= ((1=d)p+w=c—cla—bs))B—crs+ccba(s);
d?11,,,
ds2 = QCebﬁ —cr <0.
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The inequality holds because in this section we restrict our attention to the case
in which the sustainability level are determined by the first-order condition of
the profit function for the centralized supply chain, i.e., ¢; > 2¢.b5. Thus, the

optimal s is uniquely determined by % =0. [

Proof of Proposition 4.8 The proof is similar to the proof for Proposition

4.7 and omitted. [

Proof of Proposition 4.9 The proof is similar to the proof for Proposition

4.7 and omitted. [

C.2 Supplement for the Case of ¢; < 2¢.b5

The optimal response of the order quantity (or production quantity) z(s) in this
case is the same as that in the case of ¢; > 2¢.b3. So we only present the results

of the optimal sustainability level here.

C.2.1 The decentralized supply chain

Proposition C.1 The manufacturer’s optimal sustainability level is as follows:

0 ifer > (ceb(FH(EYL) +d) + (w—c)B)2b/a;

p+ch

if cr < (cb(F~HEE) 4+ d) + (w — ¢)B)2b/a.

p+ch

Sall RS

Proposition C.1 shows the optimal sustainability level for the manufacturer.
We find that the manufacturer’s profit function is a convex function in s. So
either the lower bound s = 0 or the upper bound s = a/b is optimal for the
manufacturer. By comparing the manufacturer’s profit when s = 0 and the profit
when s = a/b, we find that, if the sustainability investment coefficient is very
small, e.g., ¢; < (c.b(F ' ((p—w)/(p+cn)) +d) + (w—c)3)2b/a, then s* = a/b

such that no emission is produced, i.e., a — bs* = 0; otherwise, s* = 0.
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Proposition C.2 (a) If s* =0, then z* is not affected by b, B, c., and cy; 11% is
not affected by b, 3, c., and cy; 1T*

m

and IT}; are not affected by b, B, and c;.
(b) If s* = a/b, then z* is decreasing in b, and is increasing in 3, but is not
affected by c. and cy; 117 is not affected by b, c., and cr, and increasing in B; and

I}, and IT}; are increasing in c., and are decreasing in cj.

Clearly, if s* = 0 or s* = a/b, then s* will not be affected by b, 3, c., and
cr. Part (a) of Proposition C.2 indicates that, if s* = 0, then the order quantity
and retailer’s expected profit will not be affected by parameters related to the
sustainability level and the emission, and the manufacturer’s profit and the whole
supply chain’s profit will only be affected by the emission price. Part (b) of
Proposition C.2 indicates that II;, and II} are increasing in c., that is because,
in this case, the manufacturer would invest in a very high sustainability level
and no emission would be produced, then the manufacturer could get extra profit
by selling the quota of the permissible emission level. Here, the extra profit
is increasing in the emission price. In other words, under this scenario, the
manufacturer is encouraged to produce a higher sustainable product without any
carbon emission when the emission price is higher. In addition, when s* = a/b,
namely, the upper bound of stainability level, the optimal order quantity would

not be affected by both ¢, and ¢;.

Remark C.1 If s* =0, then dII},/dc. = dI1}/dc. = K — ax*; if s* = a/b, then
dis, /db = cox* — (w — ¢)Ba/(b?), dUF, /dB = (w — c¢)a/b, dIT}/db = c.x*a/b —
(p(1 — F(a/b)) — ¢ — cp)Ba/(b?), and dIT%/dB = (p — c)a/b, where p = p + ¢, and
F(s*) = F(z* — d — f8s*).

C.2.2 The centralized supply chain
Proposition C.3 (d*I1.(z(s),s))/(ds?) > 0, and s* =0 or s* = a/b.
Proposition C.3 shows that, if 2¢.b5 > ¢y, then I1.(z(s), s) is a convex function

in s. So the lower bound s = 0 or upper bound s = a/b is optimal for II.(z(s), s).

By comparing the profit when s = 0 and the profit when s = a/b, we can obtain
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the optimal solution: If II.(x(0),0) > Il.(x(a/b),a/b), then s* = 0; otherwise
s* =a/b.

Proposition C.4 (a) If s* = 0, then x* is decreasing in c., and x* and IT} are
not affected by b, B, and c;.
(b) If s* = a/b, then x* is decreasing in b, and is increasing in (3, but is not

affected by c. and c;; 117 s increasing in b, 5 and c., and is decreasing in c;.

From Proposition C.4, we can see that c¢; has an impact to the optimal profit
of the whole supply chain II?. More specifically, when s* is larger than zero,
a higher sustainability investment coefficient would lead to a lower centralized
supply chain profit. Therefore, in order to increase the centralized supply chain

profit, enhancing the efficiency of sustainability investment is significant.
Remark C.2 Ifs* =0, then dII} /dc. = K — az™.

C.2.3 The comparison of decentralized and centralized
supply chains

In this section, we compare the whole supply chain’s profit and the optimal
solutions under the decentralized case with those under the centralized case. Let
x4 and sy be the optimal solutions of the order quantity and sustainability level,
respectively, for the decentralized supply chain, and x. and s. be the optimal
solutions of the production quantity and sustainability level, respectively, for the
centralized chain.

Case I: s; = s. = 0. Then, we have

_1,pP—w
vy = F71 +d;
d (p+ch>
v = FEET%N g
P+

From the above equations, we easily find that, if w < ¢+ c.a, then x4 > x.;
otherwise, x4 < x.. By comparing the profit of the whole supply chain under the

decentralized case, i.e., IT (II; = IT* +II* ), with that under the centralized case,
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i.e., IT}, we have

:Ddfd

I, -1 = (w—c—cea)(xg—d)+ (p+cp) / ef (€)de. (C.1)

Te—d
Corollary C.1 For the uniform distribution of the demand, i.e., ¢ «~ U[A, B,
FEquation (C.1) can be expressed as

—e—ca)X(B—A
o = ~(w—=c—cea)’( )SU-
2(p+cn)

Corollary C.1 indicates that, when the demand is followed the uniform dis-
tribution and no sustainability level is invested in, i.e., s4 = s. = 0, the optimal
profit of the whole supply chain under the decentralized case is lower than that
under the centralized case.

Case II: s; = s. = a/b. Then, we have

_1,Pp—w a

= F'(——)+d+ 8
i (p+ch) 6[)
1, Pb—C a

. = F! +d+ .
‘ (p+ch> ﬁb

From the above equation, we easily find that, if w < ¢, then x4 > x.; otherwise,
Tqg < Te.
By comparing the profit of the whole supply chain under the decentralized

case, with that under the centralized case, we have

a rg—d—PBg
I, -1 = (w—c)(xd—d—ﬂg)—k(p—{—ch)/ e ef(e)de. (C.2)

Corollary C.2 For the uniform distribution of the demand, i.e., ¢ «~ U[A, B,

Equation (C.2) can be expressed as

" (w—)*(B—A)
I, - 1I, = — <0.
v 2p+en) T

Similarly, Corollary C.2 indicates that, when the demand follows the uniform
distribution and a very high sustainability level is invested in such that no emis-
sion is produced, i.e., s4 = s, = a/b, the optimal profit of the whole supply chain

under the decentralized case is lower than that under the centralized case.
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Proofs for the case of ¢; < 2¢.bf

Proof of Proposition C.1 By taking the first and second derivatives of the

profit function I1,,(s) with respect to s, we have

dll,(s) L p—w '
1 = ¢.b(F (p n Ch) +d) + (w—c—cea)B + (2¢.b5 — cp)s;
d*11,,(s)
T = 2Cebﬁ — Cr

Given 2¢.b5 — ¢y > 0, I1,,(s) is convex in s; either the lower bound s = 0 or

the upper bound s = ¢ is optimum. By comparing IL,,(s = 0) and IL,,(s = ¢),

we obtain that

oo )0 ita> (ceb(FH(Er) + d) + (w — ¢)B)2b/a;
|2 ifer < (eb(FTHEL) +d) + (w— 0)B)2b/a.

Proof of Proposition C.2 Given s* =0 or s* = ¢, the proof is trivial, so we

omit it. n

Proof of Proposition C.3 Clearly, given 2c.b3 > c;, we have % > 0,
it implies that I1.(x(s),s) is convex in s. So either the lower bound of s or the
upper bound of s is optimal. By comparing the profit under this two values, we
can obtain the optimal solution. If II.(2(0),0) > Il.(z(a/b),a/b), then s* = 0;

otherwise s* = a/b. ]

Proof of Proposition C.4 Given s* =0 or s* = ¢, the proof is trivial, so we

omit it. n

Proof of Corollary C.1 For the uniform distribution of the demand, € «
U[A, B], then f(z) = 5+. We have

Tqg = p_w(B—A)—i—A—i—d;
Pt
pe = LT B Ay 4 A,
P+
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and Equation (C.1) can be expressed as

{L‘dfd

I, — 1 = (w—c—cea)(:cd—d)+(p+ch)/_d ef(e)de
B _(w—c—cea)Q(B—A)
n 2(p+Ch) = 0.

Proof of Corollary C.2 The proof is very similar with that for Corollary C.1,

so we omit the details here. m
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