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Abstract: Time-of-use pricing in retail electricity markets implies that wholesale market scarcity
becomes easily communicated to end consumers. Yet, it is not well-understood if and how the
price formation process in retail electricity markets will help to reward the demand for operational
flexibility due to growth in intermittent generation. To contribute to this discussion, this paper
develops a partial equilibrium model of the retail electricity market calibrated to Chinese data.
The paper finds that tariffs in this market may not be significantly suppressed by growth in near-zero
costs renewable sources when controlling for flexibility restrictions on thermal generation assets
and when a significant curtailment of variable renewable resources exists in the market. In addition,
it shows that the price formation process in retail electricity markets which controls for flexibility
restrictions on thermal generation while allowing for consumers to respond slowly to price changes
is a feasible strategy to reward the demand for operational flexibility. Finally, the paper reveals that
while integrating intermittent generation beyond levels which the available storage capacities can
accommodate may result in losses to producers, benefits to consumers may offset these losses, leading
to overall welfare gains.

Keywords: time-of-use pricing; demand response; operational flexibility; intermittent generation;
welfare

1. Introduction

Fossil-driven energy consumption is creating adverse environmental changes glob-
ally, and these changes are presumed to have a disproportionate impact on developing
countries [1–3]. Since these countries are expected to experience a major growth in their
energy use due to industrialization, increased use of transportation facilities, and growth in
electrification, transitional economies could make a significant contribution toward climate
change mitigation, especially if they invest in less carbon-intensive energy systems relative
to their developed counterparts. Interestingly, the huge innovation in renewable energy
technologies and storage devices over the past decade has led to a significant decline in
the associated capital costs and has raised optimism about variable renewable energy
expansion and mitigation prospects [4–6].
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At the same time, and despite being an essential element of any development-oriented
energy policy, the shift toward renewable sources will not only bring about a huge uncer-
tainty in electricity supply but will also create the need for an increase in the flexibility
of power generation, increase in transmission capacity, as well as increase the need for
a more efficient system operation [7]. This increased need for operational flexibility on
the grid leads to more frequent fluctuations in net demand (i.e., electricity demand minus
variable renewable energy generation like wind and solar power). Low and middle-income
countries that already suffer from unstable supply and frequent load shedding may find it
difficult to manage large-scale renewable energy integration, leading to security of supply is-
sues. This becomes problematic, since an energy policy that promotes development should
not only minimize the external costs of energy consumption but should also maximize
energy access.

With the adoption of dynamic tariffs in the form of time-of-use (TOU) pricing (or
even real-time pricing) in retail electricity markets, wholesale market scarcity becomes
easily communicated to end consumers. This creates the need to understand the impacts of
variable renewable energy expansion in the bulk electricity system on retail markets. Yet,
it is not well understood if and how the price formation in retail electricity markets will
help to reward the level of flexibility that is required for expansion in variable renewable
energy sources.

Therefore, based on the marginal costs theory, this paper aims to employ data of
the Fujian grid of China (As part of efforts to mitigate climate change [8–11], almost all
provinces in China (including Fujian) have adopted TOU pricing [12]) to explore how
the TOU price formation process is affected by growing wind and solar penetration in a
retail electricity market where consumers’ response to prices happens gradually. (The slow
consumer response over their billing period may be attributed to factors such as habit,
imperfect information about the market [13], etc.) It also seeks to investigate the extent to
which price formation in the retail market can incentivize storage utilization and ensure
gains to producer and consumer welfare. The results obtained represent a major break with
the literature (see Section 5) and help to advance understanding of the conditions under
which the price formation process in retail electricity markets can reward the provision of
operational flexibility on the grid.

Following this introduction, the remainder of the study proceeds as follows. Section 2
reviews the relevant literature. Section 3 describes the methodology employed in the
research. Section 4 presents the data and calibration of parameters. Section 5 documents
and discusses the main results obtained. Section 6 draws the conclusions.

2. Review of Relevant Literature

A major step toward scaling up universal energy access in developing countries is
to achieve price formation that can ensure that the returns on investments in energy are
sufficient for firms, households, and these societies at large [14]. A discussion of the
literature dealing with how variable renewable energy expansion suppresses prices in
wholesale electricity markets is provided in [15,16]. Some studies have suggested that the
price formation process in wholesale markets does not adequately reward the demand for
operational flexibility [17–19].

In retail electricity markets, a rate reform from fixed tariffs to the dynamic pricing of
electricity is gaining momentum as consumers become increasingly equipped with new
technologies to participate as active players in the electricity system. While a number of
different pricing schemes exist (see [20–24]), three approaches to retail pricing have gained
popularity in the literature. These include: (1) a time-of-use (TOU) pricing scheme in which
prices vary only at certain intervals of the day (e.g., off-peak or peak periods) [25–32],
(2) a real-time pricing (RTP) scheme, which provides a more accurate price signal to
consumers [33–40], and (3) a critical peak pricing that extends a TOU pricing scheme to
incorporate a certain number of critical peak hours within a year [41–44].
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The impacts of dynamic pricing in consumer-centric electricity markets have also been
studied across several dimensions including impacts on load and demand response [45–51],
impacts on variable renewable energy expansion [52,53], impacts on the environment [54–56],
and impacts on social welfare [57].

With regard to TOU pricing schemes in particular, several studies now exist on TOU
pricing in retail electricity markets focusing mainly on how consumers respond to TOU
tariffs (e.g., [58,59]), the structural design of TOU schemes (e.g., [60,61]), effects of TOU
rates (e.g., [62]), and how TOU pricing models interact with distributed power resources
(e.g., [63,64]). However, the impacts of growth in variable renewable energy expansion on
the TOU price formation process in the presence of consumer demand response has not
been studied. It also remains largely unclear how the TOU price formation process can
interact with variable renewable energy expansion to enable or constrain electrical energy
storage utilization and welfare levels.

3. Methodology
3.1. Model Overview

The model framework in this paper is graphically presented in Figure 1, which shows
the interaction between producers seeking to minimize their costs of power generation and
storage (i.e., pumped hydro storage) on the one hand and consumers seeking to reduce
their payments for electricity by responding slowly to price changes. The equilibrium tariffs
and storage levels arising from this interaction are determined endogenously by the model
under different degrees of wind and solar penetration, and these results are subsequently
used to calculate different metrics for assessing the extent to which marginal costs pricing
in the retail electricity market can reward the demand for operational flexibility as variable
renewable energy grows.
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Figure 1. Graphical presentation of the model.

The model developed in this paper is based on partial equilibrium theory (see [65])
and builds on the frameworks in [32]. In particular, it refines the approaches in these papers
by modeling the interaction of power generation and electricity storage, and evaluating
outcomes of growing wind and solar penetration.
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3.2. Producer Problem

On the supply side of the market, the objective is represented by a cost minimization
problem for producers who seek to minimize their total generation cost (Z) from conven-
tional generation assets i (i.e., coal, gas, nuclear, hydro, and storage) in each hour (h) of the
month (t) for demand block j (i.e., peak or off-peak in our case). The objective function is
given by

Min Z = ∑
t

(
∑
i,j,h

vgi ∗ Et,i,j,h + ∑
j,h

vs ∗ SGt,j,h − SLt,j,h

)
(1)

where vg and vs are variable costs of generation and storage operation, respectively. E,
SG, and SL are energy flows, storage discharging, and storage loading, respectively. To
optimize their behavior, producers face constraints (2) to (9).

Et,i,j,h − Et,i ≤ 0, ∀t, i, j, h
[
kt,i,j,h

]
(2)

Et,i,j,h − Et,i,j,h−1 − λ
up
i Ei ≤ 0, ∀t, i, j, h

[
wup

t,i,j,h

]
(3)

Et,i,j,h−1 − Et,i,j,h − λdown
i Ei ≤ 0, ∀t, i, j, h

[
wdown

t,i,j,h

]
(4)

SLt,j,h − SL ≤ 0, ∀t, j, h
[
ℵStin

t,j,h

]
(5)

SGt,j,h − SG ≤ 0, ∀t, j, h
[
ℵStout

t,j,h

]
(6)

h

∑
ϕ=1

SGt,j,ϕ −
h−1

∑
ϕ=1

SLt,j,ϕεS ≤ 0, ∀t,j,h

[
ℵStlo

t,j,h

]
(7)

h

∑
ϕ=1

SLt,j,ϕεS −
h−1

∑
ϕ=1

SGt,j,ϕ − S ≤ 0, ∀t,j,h

[
ℵStup

t,j,h

]
(8)

Et,i,j,h, SGt,j,h, SLt,j,h ≥ 0, ∀t, i, j, h (9)

Constraint condition (2) is the generation capacity constraint that ensures that power
generation is not more than the installed capacity (E). Condition (3) is the generation ramp-
up restriction that ensures that between any two subsequent periods, generation is raised
only to a certain extent based on the technology-specific ramp-up parameter (λup

i ). Similarly,
condition (4) corresponds to the ramp-down constraint that ensures that generation can
be reduced only by a certain amount depending on the ramp-down parameter (λdown

i ).
Condition (5) is the storage loading constraint ensuring that energy stored in the pumped
hydro-reservoir (Note that in our paper, we have incorporated four different constraints
on pumped hydro storage. The first two constraints (i.e., Equations (5) and (6)) deal with
the condition of the pump, and the remaining two constraints (i.e., Equations (7) and (8))
deal with the condition of the reservoir. In an economic sense, constraints on the reservoir
can represent capacity constraints while constraints on the pump, as well as the efficiency
factor (εS), can be used to capture drainage constraints and water dynamic balance limits.
This approach reduces the complexity of the model and has been applied in a number of
economic studies (e.g., [66–68]) cannot exceed the loading capacity of the pump (SL). In
the same manner, condition (6) guarantees that energy discharged from the pumped hydro
reservoir is not more than the discharging capacity of the pump (SG). Condition (7) is the
lower reservoir capacity constraint that ensures that storage discharge in any period is not
more than the net of inflows and outflows in the previous period considering efficiency
losses (εS). In a similar manner, condition (8) is the upper reservoir capacity constraint
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requiring that the pumped hydro storage reservoir does not overflow. Finally, condition
(9) ensures that values for energy flows and storage operation are at least zero. The dual
variables in brackets represent the shallow price of various constraints.

3.3. Consumer Problem

For demand, a geometric distributed lag (GDL) functional form is adopted to capture
the situation wherein consumers may respond slowly to price changes due to habits or
imperfect information, and this is given by

dt = αt(pt)
β(dt−1)

γ (10)

where d, p, and α are electricity demand, prices, and non-price factors, respectively. β and
γ represent the constant price and lag elasticities, respectively. For a double commodity
case (where the demand for electricity comes from both peak and off-peak blocks), the GDL
demand is given by

Dt = At(Pt)
B(Dt−1)

C (11)

where D, P, and A represent vectors of electricity demand, prices, and non-price effects,
respectively. B represents the matrix of elasticities (i.e., is own- and cross-price), while C
represents lag elasticities (diagonal matrix).

Defining θ as the share of hourly demand in each demand block for a given month,
condition (12) links the hourly generation of the market with the monthly demand.

dt,j,h = θt,j,hdt,j, ∀t, j, h (12)

Equilibrium in the retail market requires that energy flows plus storage discharge and
wind and solar feed-in minus storage loading should be sufficient to satisfy demand. The
equilibrium condition is given by Equation (13) where the dual variables

[
pt,j,h

]
represent

the marginal cost of hourly demand. (The market clearing condition adopted in our study
follows from previous economic literature (e.g., [13,66,67]). And even though there may be
multiple solutions, our model simulations have produced only one optimal equilibrium
solution, which we report in our study).

dt,j,h −∑
i

Et,i,j,h − SGt,j,h − windt,j,h − solart,j,h + SLt,j,h ≤ 0, ∀t, j, h
[

pt,j,h

]
(13)

pt,j = ∑
h

θt,j,h pt,j,h, ∀j (14)

Condition (14) is necessary to ensure the producers meet their revenue requirement
by supplying electricity to each demand block. From marginal cost pricing and applied
equilibrium theory, pt,j represents the efficient TOU tariffs in the retail market.

The model in this paper is formulated as a mixed complementarity problem (MCP). To
do this, using Equations (1)–(14), the Karush–Kuhn–Tucker (KKT) conditions are derived
(see Appendix A).

After obtaining solutions for the MCP, we calculate power sector emissions in each
month using Equation (15), where CFi is the technology-specific emissions factor.

Mt = ∑
i,j,h

CFi ∗ Et,i,j,h (15)

We also obtain producer rent in each month (PRt) as the difference between revenue
and costs given by Equation (16).

PRt =

(
∑

i
pj ∗ dt,j

)
−
(

∑
i,j,h

vgi ∗ Et,i,j,h + vs ∗ SGt,j,h

)
(16)
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Similarly, since the demand function is non-integrable, we estimate the change in
consumer rent (∆CRt) from different model specifications given by

∆CRt ∼= ∑
j

(
pt,j +

1
2

∆pt,j

)
∆dt,j −

[(
pt,j + ∆pt,j

)(
dt,j + ∆dt,j

)
− pt,jdt,j

]
(17)

4. Data and Application

This paper simulates data for the retail electricity market in Fujian Province, China.
Capacities of conventional generation assets and bulk storage, levelized cost of electricity
generation, ramping parameters, and emissions factors in this market are reported in
Table 1. We assume only 80% availability of storage for arbitrage purposes considering that
some amount of the storage capacity will be kept for black start and backup. We set the
round-trip efficiency of pumped hydro storage (εS) at 0.80 based on efficiency values that
have been reported in the literature for pumped hydro storage technologies [69,70].

Table 1. Generation and storage parameters in Fujian market.

Generation Capacity in
2018 (MW)

Cost
(RMB/MWh)

Ramp Up
(λup

i )
Ramp Down
(λdown

i )

Coal 25,649.6 496.5 0.11 0.03
Gas 5630.4 556.1 0.23 0.18
Nuclear 8710 436.9 0.05 0.09
Hydro 13,220 463.4 0.35 0.28

Pumped hydro storage capacity:

Loading/discharging
(
SL = SG )

(in MW) 1200 0.002
Volume of storage reservoir

(
S
)

(in MWh) 1,900,000

Emissions factor (Metric ton per MWh)

Coal 0.9426
Gas 0.4838
Nuclear 0
Hydro 0

Source: [32].

To achieve the objectives of this study, load data in Fujian retail electricity market
are also needed. Accordingly, this paper adopts the representative workday data of net
demand (i.e., electricity demand minus wind and solar generation) reported in [32], which
corresponds well to the peak periods (between 8:00 and 22:00) and off-peak periods (be-
tween 23:00 and 8:00) stipulated in Fujian TOU pricing policy. (The peak and off-peak
periods in Fujian TOU policy adopted in this paper are sourced from the Fujian Price Bureau
(Document No. 241) and the Fujian Development and Reform Commission (Document
No. 669).) The representative workday data have the advantage of reducing the size of the
model (and limiting the model complexity) by using averages. In this way, each month of
the year is represented by the average 24 h within that month amounting to a total of 288 h
within the year. Despite the advantage of this approach, it does not allow for capturing
seasonal effects. Notwithstanding, since our focus in this study is on general impacts rather
than absolute numbers, the main conclusions of this study are valid.

To obtain hourly wind and solar load data for Fujian, we follow the approach in [12]
by applying hourly weights of wind speed and solar radiation data (obtained from the
Meteonorm 8.2.0 software) to monthly wind and solar utilization data for Fujian collected
from the national bureau of statistics of China and the wind database. For simplicity, we
use the first 24 h of each month to represent the wind and solar utilization in that month
(Figure 2).
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Figure 2. Representative wind and solar power utilization in Fujian for a typical year.

As may be seen from Figure 2, solar power utilization is zero during the night and then
tends to increase through the morning, peak in the early afternoon, and decrease through
the late afternoon. Wind power utilization, on the contrary, does not show any regular
pattern and remains largely volatile. The wind and solar data reported in Figure 2 are
treated as the benchmark scenario in this paper. We evaluate outcomes of higher variable
renewable energy integration by scaling the hourly benchmark so that wind and solar,
combined, can account for 30% (15% wind and 15% solar) and 60% (30% wind and 30%
solar) of total demand in a typical year. These percentages represent the share of electricity
demand in megawatt hour (MWh) that could potentially be met by wind and solar energy.

Other parameter values such as hourly weights of a demand block (θt,j,h), price
elasticities (β j,s and γj,j), and constants of non-price effects (αj,t) are the same as in [32].
A summary of all sets, parameters, and variables employed in the model is provided in
Table 2.

Table 2. Sets, parameters, and variables of the model.

Item Description Unit

Sets
H Hours, h ∈ H, ϕ ∈ H Hours
I Power generation technologies, i ∈ I
J Load, j ∈ J, s ∈ J
T Time period, t ∈ T Month

Parameters
vgi Variable generation costs RMB/MWh
vs Variable storage costs RMB/MWh
Ei Generation capacity MW
windt,j,h Wind power feed-in MWh
solart,j,h Solar power feed-in MWh
CFi CO2 emissions factor Mt/MWh
λ

up
i Ramping up parameter

λdown
i Ramping down parameter

SL Loading capacity of storage MW
SG Discharging capacity of storage MW
S Reservoir capacity of storage MWh
εS Efficiency of storage
θt,j,h Hourly weights
dt−1,j Lag demand MWh
αt,j Non-price effects
β j,s Own- and cross-price elasticities
γj,j Lag elasticities



Energies 2023, 16, 7895 8 of 15

Table 2. Cont.

Item Description Unit

Variables
Et,i,j,h Energy flows MWh
SGt,j,h Generation from pumped hydro storage MWh
SLt,j,h Loading of pumped hydro storage MWh
pt,j Marginal costs (monthly) RMB/MWh
pj,h Marginal costs (hourly) RMB/MWh
dt,j Monthly demand in each block MWh
dt,j,h Hourly demand in each block MWh
kt,i,j,h Shadow price of generation capacity constraint RMB/MWh
wup

t,i,j,h Shadow price of ramping-up constraint RMB/MWh
wdown

t,i,j,h Shadow price of ramping-down constraint RMB/MWh
ℵStin

t,j,h Shadow price of storage loading capacity constraint RMB/MWh
ℵStout

t,j,h Shadow price of storage discharging capacity constraint RMB/MWh
ℵStlo

t,j,h Shadow price of lower storage capacity constraint RMB/MWh
ℵStup

t,j,h Shadow price of upper storage capacity constraint RMB/MWh
Mt Emissions Mt
CRt Consumer rent RMB
PRt Producer rent RMB

5. Results and Discussion

This section presents the results of equilibrium outcomes in the retail electricity market.
These results show how different levels of wind and solar penetration influence tariffs and
storage utilization in this market. The results also document the extent to which retail rates
based on marginal costs pricing can ensure welfare gains for producers and consumers.

5.1. Impacts of Variable Renewable Energy Expansion on TOU Tariffs

Equilibrium tariffs in the retail market (TOU rates) are reported in Figure 3. As ex-
pected, peak prices are higher than off-peak rates for the most part (the notable exceptions
occur in the months of January and February). In the benchmark case (first panel), off-peak
rates range between 1.31 and 1.43 RMB per kWh, while peak rates stand between 0.84
and 7.0 RMB per kWh with the highest prices occurring during the summer months when
demand is especially high. Equilibrium rates are different for different months, suggesting
that retail tariffs should be adjusted periodically to reflect changes in demand and supply.
Note that these rates appear to be by far higher than those implemented by regulatory
bodies in Fujian, which is understandable, since we have controlled for the costs of inflexi-
bility of thermal generation assets as stipulated in the constraint conditions represented
in Equations (3) and (4). For instance, [31] show that by imposing ramping restrictions on
thermal generators, equilibrium TOU rates increased from 0.129 to 0.308 RMB/KWh for
off-peak periods and from 0.332 to 0.571 RMB/KWh for peak periods. Therefore, to address
the political economy issues associated with high retail tariffs arising from the increased
use of inflexible generation assets, scaling the use of flexible generation sources (like wind
and solar) will present opportunities.
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Figure 3. Equilibrium TOU rates in the retail market.
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Moving to the second panel of Figure 3, where wind and solar generation increases to
supply 30% of electricity demand, peak prices do not change significantly (with exceptions
in November and December). For the most part, the increase in wind and solar generation
suppresses peak prices only marginally. In some cases (e.g., March, May, and December),
a rise in peak prices is observed. (The rise in peak prices to around 17 RMB per kWh
in the month of December represents a clear case of an outlier in the model. We argue
that this happened because gas-fired plants (with the highest operating cost in the model)
reached their full capacity.) These results represent a major break with findings in wholesale
electricity markets which point to evidence that large-scale penetration of near-zero costs
variable renewable energy sources significantly suppress peak prices (see [15,71]). Against
this backdrop, the key insight from our modeling of the retail market is that the low price
benefits, to consumers, of near-zero costs wind and solar generation is almost eroded
when accounting for the demand for operational flexibility, and associated costs, needed to
accommodate their penetration. A further increase in wind and solar generation to serve
60% of demand leads to similar conclusions.

5.2. Variable Renewable Energy Expansion and Bulk Storage Utilization

Figure 4 shows generation from storage under different levels of wind and solar
penetration. Under moderate levels of wind and solar penetration in the benchmark
case, storage plays a major role in serving peak demand as monthly generation from
storage stands between 1271 and 2659 MWh. As generation from wind and solar increases
to supply between 30 and 60% of demand, the role of storage in serving peak demand
vanishes. Accordingly, storage discharge declines to off-peak levels at around 900 MWh
per month. This seems to suggest that variable renewable energy sources are important
resources for peak load serving. However, further analysis is required to justify the decline
in storage discharge under highly variable renewable energy penetration.
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Figure 4. Storage generation.

The rate of storage loading corresponding to the monthly discharge is reported in
Figure 5. For the most part, the pumped hydro storage reservoir attracts higher loading
during peak periods than off-peak periods, since intermittent renewable energy resources
appear to be largely available during this time. In all cases, the storage capacity is loaded
at a by far higher rate than discharged. In the moderate renewable energy penetration
benchmark case, for instance, monthly storage loading during peak periods ranges be-
tween 4550 and 12,104 MWh. This can be compared to the monthly peak discharge rates
of between 1271 and 2659 MWh in the benchmark case reported in Figure 4. When wind
and solar penetration increases to supply between 30 and 60% of demand, monthly storage
loading declines significantly, which is intuitive since the corresponding discharge turns
out to also be significantly low. Since the installed capacity of storage does not increase
in the model, these results suggest that the available storage capacity may be insufficient
to accommodate additional loading due to higher intermittent renewable energy penetra-
tion. Hence, a significant amount of wind and solar curtailment may occur as a result of
inadequate storage. This artificial waste of wind and solar resources can also be confirmed
by the fact that prices do not change by a significant margin, moving from 30% to 60%
variable renewable share. While the question of how much storage would be required
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for large-scale renewable energy utilization appears to be an interesting one for further
research and model improvement, the interesting insight from these results is that the
large-scale penetration of intermittent sources like wind and solar may not suppress prices
where a significant curtailment of these resources exists in the market.
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Figure 5. Storage loading.

5.3. Variable Renewable Energy Expansion and Welfare Changes in the Retail Electricity Market

The changes in the producer rent, consumer rent, and overall social welfare of par-
ticipants in the retail electricity market from growth in intermittent renewable energy
sources compared to the benchmark case are reported in Figure 6. Beginning with the first
panel where wind and solar account for 30% of demand relative to the benchmark case,
producer rent either remains unchanged or increases in all cases. The only exceptions occur
in January and November where producer rent declines by 4.9 million RMB and 2330 mil-
lion RMB, respectively. This huge decline in producer rent in the month of November
can be attributed to the significant decline in peak prices in the same month to 0.73 RMB
per kWh compared with 4.62 RMB per kWh in the benchmark case (see Figure 3). Summing
over all twelve months, the results show that producer rent increases by 8390 million RMB
for the entire year in general when wind and solar generation increases to supply 30%
of electricity demand compared to the benchmark scenario. This suggests that the price
formation process in retail electricity markets which controls for flexibility restrictions on
thermal generation while allowing for end consumers to respond slowly to price changes
is a feasible strategy to reward the demand for operational flexibility arising from growth
in intermittent generation sources.
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Figure 6. Welfare changes in the retail market.

On the demand side of the market, the first panel of Figure 6 shows that consumer
rent increases in some cases especially when prices fall due to growth in wind and solar
generation (such as in the months of January, February, April and November), and it falls
in others when prices rise (such as in the months of March, May and December). When
changes in consumer rent are summed over all months, the results show that consumer
rent for the entire year declines in general by 7700 million RMB. Even though the gains to
producer rent (8390 million RMB) less losses to consumer rent (7700 million RMB) would
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result in overall social welfare gains of 688 million RMB to market participants for the
entire year, the losses to consumer rent present political economy issues that may appear to
undermine the price formation process suggested in this paper.

Turning to the scenario where wind and solar share further increases to supply 60% of
demand relative to the benchmark case as indicated in the second panel of Figure 6, the
results suggest an increase in producer rent of 8370 million RMB (compared to 8390 mil-
lion RMB in the 30% renewable case), a decrease in consumer rent of 7664 million RMB
(compared to 7700 million RMB in the 30% renewable case), and an increase in overall
welfare of 706 million RMB for the entire year (compared to 688 million RMB in the 30%
renewable case). Clearly, a further increase in the wind and solar share to account for more
than 30% of electricity demand results in losses to producers. On the contrary, consumers
benefit from the excess wind and solar penetration, which lowers their losses and leads to
an improvement in overall social welfare. These findings suggest that even though inte-
grating intermittent renewable sources beyond levels which the available storage capacities
can accommodate may result in losses to generation profits, benefits to end consumers may
offset these losses, leading to overall welfare gains.

6. Conclusions and Policy Implications

This paper applies the marginal costs principle and partial equilibrium theory to
explore how a retail rate formation of time-of-use (TOU) pricing is affected by growing
wind and solar penetration in a retail electricity market where end consumers’ response
to price changes may occur over a period of time. It also evaluates the extent to which
this price formation can reward conventional generators and end consumers as intermit-
tent renewable energy sources like wind and solar increase. To achieve these objectives,
the paper simulates data for the Chinese electricity market of Fujian, which serves as a
compelling case.

On the main results, the paper finds that high tariffs in the retail market may not be
significantly suppressed by growth in intermittent renewable sources when controlling
for flexibility restrictions on thermal generation assets and when a significant curtailment
of variable renewable resources exists in the market. In addition, it shows that although
inherent political economy issues from losses to consumer rent may exist, the price for-
mation process in retail electricity markets which controls for flexibility restrictions on
thermal generation while allowing for end consumers to respond slowly to price changes
is a feasible strategy to reward the demand for operational flexibility arising from growth
in intermittent generation. Finally, the paper points to evidence that while integrating
intermittent renewable sources beyond levels which the available storage capacities can
accommodate may result in losses to generation profits, benefits to end consumers may
offset these losses, leading to overall welfare gains.

The results of this study have important implications for public policy not only for
regulatory bodies in the Chinese province of Fujian but also for developing countries in
general as they seek to increase the use of market mechanisms in their electricity sectors.
Based on the results of this study, the following recommendations can be put forward:
(1) Retail tariff reforms should take into account the flexibility of power plants, as these
constitute a significant component of the cost structure. (2) Because demand response is
found to be a good strategy to reward conventional generators, end consumers should
be provided with the right incentives to participate actively in the electricity market.
(3) Measures should be taken to ensure that overall welfare gains in the electricity market
do not come at the expense of losses to some market agents.

In additional to economic policy, the results of this paper are also of value to the
scientific community especially in terms of widening the debate on how the price formation
process in electricity markets can adequately reward the demand for operational flexibility
due to growth in intermittent generation.

Even though the contributions of this paper are meaningful, further work could
benefit from a more comprehensive modeling of unit commitment constraints on the
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generation side to account for individual power plants. Doing this would make it possible
to address more specific questions as to how much storage is required to accommodate
growth in intermittent generation. A more comprehensive model of drainage constraints
and water dynamic balance limits of pump hydro storage would also present opportunities.
Furthermore, implementing the models on a whole year dispatch covering 8760 h would
prove meaningful.
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Appendix A. The Mixed Complementarity Problem (MCP)

In the MCP, we seek to determine Et,i,j,h, SGt,j,h, SLt,j,h , pj,h, kt,i,j,h, wup
t,i,j,h, wdown

t,i,j,h,
ℵStin

t,j,h, ℵStout
t,j,h, ℵStlo

t,j,h, ℵStup
t,j,h, dt,j, dt,j,h, and pt,j that satisfy conditions (A1) to (A14). Note

that Equations (A1)–(A3) are the first-order conditions of the objective function (Equation (1))
with respect to power generation, storage discharge, and storage loading, respectively.

0 ≤ vgi − pt,j,h + kt,i,j,h + wup
t,i,j,h − wup

t,i,j,h+1 − wdown
t,i,j,h + wdown

t,i,j,h+1
⊥ Et,i,j,h ≥ 0, ∀t, i, j, h

(A1)

0 ≤ vs − pt,j,h + ℵStout
t,j,h +

H
∑

ϕ=h
ℵStlo

t,j,ϕ −
H−1
∑

ϕ=h
ℵStup

t,j,ϕ+1

⊥ SGt,j,h ≥ 0, ∀t, j, h
(A2)

0 ≤ pt,j,h + ℵStin
t,j,h −

H−1
∑

ϕ=h
ℵStlo

t,j,ϕ+1εS +
H
∑

ϕ=h
ℵStup

t,j,ϕεS

⊥ SLt,j,h ≥ 0, ∀t, j, h
(A3)

0 ≤∑
i

Et,i,j,h + SGt,j,h − SLt,j,h − dt,j,h ⊥ pt,j,h ≥ 0, ∀t, j, h (A4)

0 ≤ −Et,i,j,h + Ei ⊥ kt,i,j,h ≥ 0, ∀t, i, j, h (A5)

0 ≤ −Et,i,j,h + Et,i,j,h−1 + λ
up
i Ei ⊥ wup

t,i,j,h ≥ 0, ∀t, i, j, h (A6)

0 ≤ −Et,i,j,h−1 + Et,i,j,h + λdown
i Ei ⊥ wdown

t,i,j,h ≥ 0, ∀t, i, j, h (A7)

0 ≤ −SLt,j,h + SL ⊥ℵStin
t,j,h ≥ 0, ∀t, j, h (A8)

0 ≤ −SGt,j,h + SG ⊥ℵStout
t,j,h ≥ 0, ∀t, j, h (A9)
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0 ≤ −
h

∑
ϕ=1

SGt,j,ϕ +
h−1

∑
ϕ=1

SLt,j,ϕεS ⊥ℵStlo
t,j,h ≥ 0, ∀t, j, h (A10)

0 ≤ −
h

∑
ϕ=1

SLt,j,ϕεS +
h−1

∑
ϕ=1

SGt,j,ϕ + S ⊥ℵStup
t,j,h ≥ 0, ∀t, j, h (A11)

dj,t = exp
(
αt,j
)
∏

s

[
(pt,s)

β j,s
](

dt−1,j
) γj,j ∀t, j (A12)

dt,j,h = θt,j,hdt,j, ∀t, j, h (A13)

pt,j = ∑
h

θt,j,h pt,j,h, ∀j (A14)

where αt,j, dt,j, and pt,j represent the jth elements of vectors At, Dt, and Pt, respectively. In
the same way, β j,s and γj,j are the elements of matrix B and matrix C, respectively.
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