
 
 

 

 
Energies 2026, 19, 3488 https://doi.org/10.3390/en19153488 

Article 

The Impact of the Implementation Cycle of Increasing-Block 
Tariffs on Residential Electricity Consumption in China 
Yongfei Wu, Hanqi Yang * and Yang Gao 

School of Economics & Management, Changsha University of Science & Technology, Changsha 410004, China; 
wuyongfei@csust.edu.cn (Y.W.); gaoyang2023@csust.edu.cn (Y.G.) 
* Correspondence: 17307377508@163.com 

Abstract 

As China advances price reform and modernizes its governance system, the optimization 
of residential increasing-block tariffs (IBT) has received increasing policy attention. Using 
data from the China Family Panel Studies (CFPS), this paper employs a multi-period dif-
ference-in-differences (DID) model to examine the impact of changing the implementation 
cycle of increasing-block tariffs from monthly to annual on residential electricity con-
sumption. The results show that extending the billing cycle significantly increases resi-
dential electricity consumption. Mechanism analysis indicates that annual implementa-
tion smooths monthly consumption fluctuations, reduces the probability of entering 
higher tariff tiers, and lowers the average effective electricity price, thereby weakening 
households’ sensitivity to marginal electricity prices and increasing electricity use. Heter-
ogeneity analysis further shows that this effect is mainly concentrated among low-income 
and less-educated households. These findings suggest adopting a hybrid policy combin-
ing monthly implementation with seasonal tier design to improve price signal clarity and 
enhance both efficiency and equity. 

Keywords: increasing-block tariffs; implementation cycle; residential electricity  
consumption; multi-period DID 
 

1. Introduction 
Improving the price governance mechanism and optimizing the residential increas-

ing-block electricity tariffs (IBT) system have become important policy instruments for 
deepening price reform and safeguarding public welfare. The Decision on Further Deep-
ening Reform to Advance Chinese Modernization issued by the Central Committee of the 
Communist Party of China on 18 July 2024, and the Opinions on Improving the Price 
Governance Mechanism jointly issued by the General Office of the CPC Central Commit-
tee and the General Office of the State Council on 5 December 2024, both explicitly call for 
“optimizing the residential IBT system” and incorporate it into the broader reform frame-
work of electricity tariff mechanisms and resource allocation. 

Against this background, how IBT can simultaneously promote energy conservation 
while maintaining fairness and affordability has become a key concern in both theory and 
practice. The residential IBT system is not uniform across provinces. In addition to re-
gional differences in tiered consumption levels and tariff rates, a more important differ-
ence lies in billing cycles. Some provinces (municipalities) implement IBT on an annual 
basis, while others adopt a monthly cycle, and in some cases, the implementation has 
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shifted from monthly to annual. For example, Guizhou, Hubei, Guangxi, and Chongqing 
have successively adjusted the implementation cycle of residential IBT from monthly to 
annual. This suggests that the shift from monthly to annual billing represents an observ-
able path of institutional evolution. At the same time, in regions adopting annual imple-
mentation, public concern over electricity bills has increased, particularly the perception 
and discussion of “substantially higher year-end electricity bills”. For instance, in Shang-
hai, residents have reported noticeably higher electricity charges at year-end, which even 
triggered official responses. This phenomenon is closely related to IBT mechanisms, such 
as cumulative annual electricity consumption crossing higher tiers. These observations 
suggest that the billing cycle not only affects how electricity bills are presented but may 
also reshape residents’ perception of price signals and their behavioral responses. 

From the perspective of policy objectives, promoting electricity conservation and 
guiding rational electricity use are among the core goals of the IBT system. IBT is charac-
terized by increasing marginal electricity prices, whereby higher levels of electricity con-
sumption correspond to higher marginal prices, thereby discouraging excessive electricity 
consumption and promoting energy-saving behavior through price signals. Therefore, 
when the implementation cycle shifts from monthly to annual, a key question arises: can 
IBT still effectively constrain electricity consumption? Furthermore, one policy rationale 
for shifting from monthly to annual implementation is to reduce the average effective 
electricity price faced by households, reduce short-term payment burdens, and smooth 
fluctuations in electricity bills caused by tier transitions. However, such an institutional 
adjustment, which aims to “reduce perceived electricity prices and smooth billing fluctu-
ations,” may unintentionally weaken the marginal constraint effect of IBT. This raises a 
critical question as to whether the reform represents a balanced optimization between 
welfare improvement and energy conservation or instead constitutes a relaxation of pol-
icy constraints that may stimulate additional electricity consumption. 

In response to the above practical debate, this paper focuses on the following core 
question: whether the shift in residential IBT from monthly to annual implementation is 
beneficial, and by what criteria its effects should be evaluated. Different from studies that 
focus solely on electricity price levels or household electricity expenditure, this paper de-
fines the issue as a comprehensive assessment of the policy objectives of IBT and addresses 
two key aspects. First, whether the shift from monthly to annual implementation achieves 
the goal of electricity conservation, or instead leads to an increase in residential electricity 
consumption. Second, whether behavioral responses exist, whether they arise from the 
reshaping of price signals caused by the extension of the billing cycle, and whether such 
effects exhibit systematic heterogeneity across different groups. To address these ques-
tions, this paper uses data from the China Family Panel Studies (CFPS) and exploits tem-
poral and regional variations in policy implementation cycles. A multi-period difference-
in-differences (DID) approach is employed to identify the causal effect of shifting from 
monthly to annual implementation on residential electricity consumption. Furthermore, 
this paper conducts a mechanism analysis from the perspective of price signal transmis-
sion. Specifically, it examines how extending the billing cycle affects electricity consump-
tion decisions by smoothing monthly consumption fluctuations, altering the probability 
of crossing tariff tiers, and changing the average effective electricity price. In addition, 
heterogeneity analysis is performed across household income and education levels to 
characterize the distributional effects and potential equity implications of the policy. The 
marginal contributions of this paper are threefold. First, by focusing on the implementa-
tion cycle—an often overlooked yet critically important institutional detail—this study 
extends the analytical perspective of IBT policy evaluation beyond tier thresholds and 
tariff levels to the institutional mechanisms of signal frequency and constraint intensity. 
Second, it provides empirically testable evidence on the formation and transmission of 
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price signals, linking the shift from monthly to annual billing to an identifiable behavioral 
mechanism. Third, by identifying stronger behavioral responses among low-income and 
less-educated groups, the study provides micro-level evidence for understanding the 
trade-off between energy efficiency and equity effects in IBT reform and provides evi-
dence for future policy design. 

The main contributions of this study are summarized as follows. 

1. Existing studies on IBT mainly focus on tariff structures, tier thresholds, and pricing 
levels, while limited attention has been paid to the implementation cycle as an im-
portant institutional arrangement. This study extends the analytical framework of 
IBT by incorporating the implementation cycle as an important institutional dimen-
sion and examining its impact on residential electricity consumption. 

2. Using temporal and regional variations in the transition from monthly to annual im-
plementation as a quasi-natural experiment, this study employs a multi-period dif-
ference-in-differences (DID) model based on CFPS data to identify the causal effect 
of implementation cycle changes on household electricity consumption, thereby 
providing new empirical evidence for IBT policy evaluation. 

3. This study explores the behavioral mechanism through which implementation cycle 
changes affect electricity consumption. The results reveal that annual implementa-
tion smooths monthly consumption fluctuations, reduces the probability of entering 
higher tariff tiers, lowers the average effective electricity price, and ultimately in-
creases residential electricity consumption. 

4. This study identifies significant heterogeneity in policy effects across household 
groups. The consumption-promoting effect of annual implementation is found to be 
more pronounced among low-income and less-educated households, providing new 
evidence for balancing energy efficiency and equity objectives in electricity pricing 
reform. 

2. Literature Review 
Increasing-block tariffs (IBT) have been widely studied in both domestic and inter-

national literature. Existing studies mainly focus on two aspects: 

2.1. Research on the Optimal Design of IBT 

First, existing studies examine different types of IBT systems. These systems mainly 
include increasing-block and decreasing-block tariff structures [1,2]. Increasing-block tar-
iffs are currently the most widely adopted form. For example, countries and regions such 
as China, the United States, and India have adopted this model [3,4]. Its typical feature is 
to divide electricity consumption into basic, intermediate, and high-consumption tiers, 
with electricity prices increasing progressively across tiers [5–8]. This structure is consid-
ered effective in promoting energy conservation and improving equity [9]. In contrast, 
decreasing-block tariff is mainly used in regions with abundant electricity resources and 
policies that encourage electricity consumption. Under this model, higher electricity con-
sumption corresponds to lower electricity prices, thereby lowering electricity costs for 
consumers. At present, it is only adopted in a few resource-rich countries, such as Norway 
and some provinces in Canada [7,10,11]. 

Second, there are studies on the parameter design of IBT. The core of residential IBT 
design lies in three key parameters: the number of tiers, the electricity consumption 
thresholds, and the tariff levels for each tier. Regarding the number of tiers, the number 
of tiers determines the corresponding thresholds and tariff levels [7,12–14]. At present, 
China adopts a three-tier IBT system across all provinces. However, this design is largely 
based on experience, and its suitability remains debated [13,14]. Based on cross-country 
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empirical analysis, the number of tiers generally ranges from two to eight, and developed 
countries tend to have fewer tiers than developing countries. In addition, the determina-
tion of the number of tiers should take into account factors such as regional economic 
development level, household electricity consumption patterns, climate conditions, tariff 
multiples, and average electricity prices [7]. Unlike the uniform three-tier structure cur-
rently adopted across China, the optimal number of tiers should vary by region, with 2–3 
tiers being most appropriate, depending on regional household conditions [14]. With re-
spect to the selection of tiered consumption thresholds, there is a general consensus that 
setting reasonable thresholds is a key component of implementing IBT policies and can 
effectively help achieve multiple policy objectives [15–18]. However, there is considerable 
disagreement on specific threshold levels. From the perspective of coverage targets, the 
first-tier threshold has been set too high, exceeding the national target of 80%. Reducing 
the first-tier threshold and expanding seasonal tier design have been proposed [10,16,17]. 
In contrast, from the perspectives of income redistribution, mitigation of cross-subsidies, 
and energy conservation, the first-tier threshold is too low while the second-tier threshold 
is too high [14,18]. This conclusion is further supported by studies incorporating personal 
carbon trading mechanisms, which finds that households can adjust their income through 
carbon trading, leading to an increase in the second-tier threshold and a decrease in the 
third-tier threshold [19]. Regarding the setting of IBT levels, existing studies can be 
broadly divided into two approaches: cost-oriented and demand-oriented methods. The 
former optimizes tariff levels through cost allocation, for example, by considering elec-
tricity load characteristics in cost allocation when determining IBT levels [20]. The latter 
approach optimizes tariff levels based on consumer price elasticity to achieve energy con-
servation and alleviate cross-subsidies [6,21]. Nevertheless, the mainstream view holds 
that the current tariff levels in residential IBT are relatively low and require further opti-
mization [14,21]. 

Finally, there are studies on the coordination between residential IBT and other elec-
tricity tariff systems. Most studies find that there are conflicts between IBT and time-of-
use pricing, making it difficult to improve tariff efficiency and promote fairness [22–24]. 
Meanwhile the temporal characteristics, such as seasonal patterns and the timing of price 
signal transmission, may affect the effectiveness of electricity pricing mechanisms [25]. 

2.2. Policy Effect Evaluation of Increasing-Block Tariffs 

The evaluation of residential increasing-block tariffs (IBT) mainly focuses on three 
core objectives: energy conservation effects, income redistribution effects, and the mitiga-
tion of cross-subsidies [18,26,27]. To begin with, regarding energy conservation effects, 
most studies affirm its positive impact. IBT reform can guide household electricity con-
sumption behavior, significantly reduce electricity usage, and achieve the goal of energy 
conservation [28–30]. Using household-level data and an instrumental variable approach, 
recent studies further confirm that IBT can effectively reduce residential electricity con-
sumption, particularly among high-income households, providing additional evidence 
for the energy-conservation effect of the policy [29]. Moreover, evidence based on nation-
ally representative CFPS household data shows that increasing-block pricing significantly 
reduces residential electricity consumption and exhibits heterogeneous effects across dif-
ferent household groups and regions, further supporting the effectiveness of the policy in 
promoting energy conservation [31]. In addition, the implementation of IBT has a positive 
effect on improving residents’ willingness to conserve energy [32]. The IBT structure can 
effectively restrain irrational electricity consumption, and higher tariff levels across tiers 
lead to stronger electricity-saving effects. In addition, regarding the mitigation of cross-
subsidies, it is generally believed that IBT can reduce the scale of cross-subsidies [21]. It 
may even achieve internal cross-subsidization among residential users through IBT, 
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thereby alleviating price distortions [20,21,32]. It is suggested that using the higher reve-
nues from the third tier to subsidize the lower-cost basic tier helps reduce the extent of 
subsidies from industrial users to residential users, while also taking into account the wel-
fare of low-income households [6,26]. However, the extent of this improvement is rela-
tively limited [32]. Finally, in terms of income redistribution, IBT exhibits a dual effect. On 
the one hand, the progressive nature of IBT leads high-income households with higher 
electricity consumption to bear greater expenditures, thereby facilitating a certain degree 
of redistribution from the rich to the poor and helping reduce income inequality [33]. On 
the other hand, IBT may generate a rebound effect. For some low-income households 
whose electricity consumption already exceeds the baseline tier, the policy may instead 
impose additional financial burdens, thereby weakening its redistribution effect [34,35]. 

Overall, the existing literature has formed a relatively systematic research framework 
on the optimal design and policy effect evaluation of IBT. However, there remains room 
for further extension. First, most existing studies focus on explicit design parameters, such 
as the number of tiers, tiered consumption thresholds, and tariff levels, while paying in-
sufficient attention to the implementation cycle, a critical institutional detail. As the carrier 
of the frequency of policy signal release and the transmission medium of constraint inten-
sity, the implementation cycle directly affects the decision-making logic of residential elec-
tricity consumption. Incorporating this dimension into the analytical framework can ef-
fectively expand the research perspective on IBT policy evaluation, shifting the discussion 
from static parameter design to dynamic institutional mechanisms, and revealing the in-
ternal logic through which signal frequency and constraint intensity influence household 
electricity consumption behavior. Second, existing studies lack in-depth exploration of the 
behavioral mechanisms underlying changes in the implementation cycle of IBT. This 
study provides testable evidence on the formation and transmission of price signals, ele-
vating the adjustment of the implementation cycle from a purely practical policy opera-
tion to an interpretable and verifiable behavioral mechanism. By analyzing how price sig-
nals are perceived, interpreted, and translated into changes in electricity consumption be-
havior under different implementation cycles, this study offers a new theoretical perspec-
tive and empirical basis for the refined optimization of IBT policies, and contributes to the 
transition from “parameter optimization” to “institutional optimization” in policy design. 

3. Theoretical Model Derivation 
3.1. Consumer Utility and Electricity Expenditure Function 

Annual electricity consumption utility is the sum of monthly utilities: 𝑈 = ∑ 𝑢(𝑞௧ଵଶ௧ୀଵ ), 
where 𝑞௧ denotes electricity consumption in month 𝑡, satisfying the annual consumption 
constraint 𝑄 = ∑ 𝑞௧ଵଶ௧ୀଵ ; 𝑢௧(𝑞௧) represents the utility function in month 𝑡, The utility func-
tions are allowed to vary across months to reflect differences between high- and low-de-
mand periods. Marginal utility is positive and diminishing: 𝑢௧ᇱ(𝑞௧) > 0,𝑢௧ᇱᇱ(𝑞௧) < 0. 

Under China’s current IBT scheme, electricity tariffs are divided into three tiers with 
prices 𝑝ଵ,𝑝ଶ and 𝑝ଷ, unchanged under both annual and monthly implementation. The key 
difference lies in the tier thresholds: annual thresholds are 12 times the monthly ones, i.e., 
(𝐾ଵ = 12𝑘ଵ,𝐾ଶ = 12𝑘ଶ ); Accordingly, the billing rules under the two implementation 
schemes are given by Equations (1) and (2). 

The electricity expenditure under monthly implementation can be expressed as: 

𝐶௧௠௢௡௧௛(𝑞௧) = ቐ𝑝ଵ𝑞௧ 𝑞௧ ≤ 𝑘ଵ𝑝ଵ𝑘ଵ + 𝑝ଶ(𝑞௧ − 𝑘ଵ) 𝑘ଵ < 𝑞௧ ≤ 𝑘ଶ𝑝ଵ𝑘ଵ + 𝑝ଶ(𝑘ଶ − 𝑘ଵ) + 𝑝ଷ(𝑞௧ − 𝑘ଶ) 𝑞௧ > 𝑘ଶ (1)
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where 𝐶௧௠௢௡௧௛(𝑞௧)  denotes the electricity expenditure in month 𝑡 , 𝑘ଵ 𝑎𝑛𝑑 𝑘ଶ  represent 
the tier thresholds between the first and second tiers, and between the second and third 
tiers under monthly implementation, respectively. 

The electricity expenditure under annual implementation can be expressed as: 𝐶௔௡௡௨௔௟(𝑄) = ൝𝑝ଵ𝑄 𝑄 ≤ 𝐾ଵ𝑝ଵ𝐾ଵ + 𝑝ଶ(𝑄 − 𝐾ଵ) 𝐾ଵ < 𝑄 ≤ 𝐾ଶ𝑝ଵ𝐾ଵ + 𝑝ଶ(𝐾ଶ − 𝐾ଵ) + 𝑝ଷ(𝑞௧ − 𝐾ଶ) 𝑄 > 𝐾ଶ (2)

where 𝐶௔௡௡௨௔௟(𝑄) denotes the electricity expenditure in whole year, 𝐾ଵ and 𝐾ଶ represent 
the tier thresholds between the first and second tiers, and between the second and third 
tiers under monthly implementation, respectively. 

3.2. Optimal Monthly Electricity Consumption Under Monthly Billing Scheme 

From the utility and tariff functions, the consumer’s net utility is: 𝑉(𝑞௧) = 𝑢௧(𝑞௧) − 𝐶௧௠௢௡௧௛(𝑞௧) (3)

The first-order condition 𝑉ᇱ(𝑞௧) = 𝑢௧ᇱ(𝑞௧) − 𝐶௧௠௢௡௧௛ᇱ(𝑞௧) = 0  implies that marginal 
utility equals marginal cost. Under IBT, the marginal cost differs across blocks: 𝑀𝐶 = ൝𝑝ଵ 𝑞௧ ≤ 𝑘ଵ 𝑝ଶ 𝑘ଵ < 𝑞௧ ≤ 𝑘ଶ𝑝ଷ 𝑞௧ > 12𝑘ଶ  (4)

Under the increasing-block tariff structure, the theoretical optimum under a given 
tariff tier may exceed the corresponding tier threshold. In such cases, the actual optimal 
consumption must be jointly determined by marginal utility and the applicable tariff 
schedule. Therefore, the optimal monthly electricity consumption depends on the inter-
action between household demand and the tiered pricing structure. The detailed case 
analysis and mathematical derivation are provided in Appendix A. 

The final optimal monthly electricity consumption is determined as: 

𝑞௧௠௢௡௧௛ = ⎩⎪⎨
⎪⎧𝑞௧ଵ 𝑞௧ଵ ≤ 𝑘ଵ 𝑘ଵ 𝑞௧ଶ ≤ 𝑘ଵ < 𝑞௧ଵ 𝑞௧ଶ 𝑘ଵ < 𝑞௧ଶ ≤ 𝑘ଶ𝑘ଶ 𝑞௧ଷ ≤ 𝑘ଶ < 𝑞௧ଶ𝑞௧ଷ 𝑞௧ଷ > 𝑘ଶ

 (5)

Given the annual electricity consumption Q୫୭୬୲୦ = ∑ q୲୫୭୬୲୦ଵଶ୲ୀଵ , monthly quota con-
straints may become binding during peak-demand months, preventing households from 
fully utilizing the annual tariff allowance. Consequently, total annual electricity consump-
tion under monthly implementation may be lower than that under annual implementa-
tion. 

3.3. Optimal Electricity Consumption Under Annual Implementation 

Since the IBT is implemented on an annual basis, the net utility function needs to be 
aggregated over the year. The objective is to maximize the total annual net utility function, 
which is given by: 𝑚𝑎𝑥ሼ௤భ,⋯,௤೅ሽ෍𝑢௧(𝑞௧) − 𝐶 ൭෍𝑞௧்

௧ୀଵ ൱்
௧ୀଵ  (6)

Let the total electricity consumption be 𝑄 = ∑ 𝑞௧௧்ୀଵ  . Accordingly, the Lagrangian 
function is introduced as: 𝐿 = ෍𝑢௧(𝑞௧) − 𝐶(𝑄)்

௧ୀଵ + 𝜆 ൭𝑄 −෍𝑞௧்
௧ୀଵ ൱ (7)
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Intertemporal optimality gives డ௅డ௤೟ = 𝑢௧ᇱ(𝑞௧) − 𝜆 = 0 ⇒ 𝑢௧ᇱ(𝑞௧) = 𝜆, so marginal utility 

is equalized across months. This holds regardless of whether monthly utilities are identi-
cal, implying that monthly consumption levels need not be equal: high-demand months 
have higher consumption than low-demand months (𝑞௧∗ > 𝑞௦∗, where t and s denote high-
and low-demand months, respectively). Thus the optimal annual consumption Q corre-
sponds to a set of monthly levels ሼ𝑞௧∗ሽ that satisfy this equalization condition. Combined 
with the earlier analysis of optimal monthly consumption, the optimal annual electricity 
consumption is given by: 

𝑄∗ = ⎩⎪⎨
⎪⎧𝑄ଵ 𝑄ଵ ≤ 𝐾ଵ𝐾ଵ 𝑄ଶ ≤ 𝐾ଵ < 𝑄ଵ 𝑄ଶ 𝐾ଵ < 𝑄ଶ ≤ 𝐾ଶ𝐾ଶ 𝑄ଷ ≤ 𝐾ଶ < 𝑄ଶ𝑄ଷ  𝑄ଷ > 𝐾ଶ

 (8)

3.4. Comparison of Electricity Consumption Under Different IBT Implementation Modes 

3.4.1. “Equivalent Monthly Optimal Electricity Consumption” Under Annual  
Implementation and Its Annual Utility Function 

For any 𝑄 , optimal monthly allocation ሼ𝑞௧∗(𝑄)ሽ  satisfies  ∑ 𝑞௧∗(𝑄) = 𝑄௧்ୀଵ  . Inter-
temporal reallocation allows higher consumption in high-demand months and lower in 
low-demand months, with equalized marginal utility: 𝑢௧ᇱ(𝑞௧∗(𝑄)) = 𝜆(𝑄), where 𝜆(𝑄) is 
the marginal utility for 𝑄.Therefore, the net utility under annual implementation can be 
expressed as: 𝑉(𝑄) = ෍𝑢௧൫𝑞௧∗(𝑄)൯ − 𝐶(𝑄)்

௧ୀଵ  (9)

Concavity of 𝑢௧ and convexity of 𝐶(𝑄)  imply 𝑉(𝑄)  strictly concave, yielding 
unique maximum at 𝑄∗ = ∑ 𝑞௧∗௧்ୀଵ  . Here 𝑞௧∗ (from intertemporal optimization, distinct 
from 𝑞௧௠௢௡௧௛ satisfies 𝑉ᇱ(𝑄∗) = 0. 

3.4.2. Optimal Monthly Electricity Consumption Under Monthly Implementation and 
the “Annualized Net Utility Function” 

Under monthly implementation, each month’s consumption  𝑞௧௠௢௡௧௛  is inde-
pendently chosen to satisfy marginal utility equals current marginal cost. The core feature 
is independent monthly optimization with no intertemporal allocation: each month con-
siders only its IBT structure and own utility 𝑢௧(𝑞). The resulting annual total is 𝑄௠௢௡௧௛ =∑ 𝑞௧௠௢௡௧௛௧்ୀଵ . According to Jensen’s inequality for concave functions: 𝑓(𝑥ଵ) + 𝑓(𝑥ଶ) + ⋯+ 𝑓(𝑥௡)𝑛 ≤ 𝑓 ൬𝑥ଵ + 𝑥ଶ + ⋯+ 𝑥௡𝑛 ൰ (10)

Under the same level of annual total electricity consumption, the utility under annual 
implementation is higher, i.e., ෍𝑢௧(𝑞௧௠௢௡௧௛்

௧ୀଵ ) ≤෍𝑢௧(𝑞௧∗(𝑄௠௢௡௧௛்
௧ୀଵ )) (11)

Meanwhile, under the same level of total electricity consumption, annual implemen-
tation avoids the situation in which a single month exceeds the quota and triggers a higher 
tariff. As a result, total electricity expenditure under annual IBT is lower. Therefore, under 
the condition of equal total electricity consumption, total electricity expenditure under 
monthly and annual implementation satisfies: ෍𝑐(𝑞௧௠௢௡௧௛்

௧ୀଵ ) ≥ 𝐶(𝑄௠௢௡௧௛) (12)
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Therefore, the net utility under monthly implementation can be expressed as: 𝑉௠௢௡௧௛ = ෍ሾ𝑢௧(𝑞௧௠௢௡௧௛) − 𝑐(𝑞௧௠௢௡௧௛)ሿ்
௧ୀଵ ≤ 𝑉(𝑄௠௢௡௧௛) = ෍𝑢௧(𝑞௧∗(𝑄௠௢௡௧௛்

௧ୀଵ )) − 𝐶(𝑄௠௢௡௧௛) (13)

3.4.3. Monotonicity of the Optimal Solution Under Annual Implementation and Its Rela-
tionship with Electricity Consumption 

Since 𝑉(𝑄) is strictly concave, its marginal utility 𝑉ᇱ(𝑄)is strictly decreasing. When 𝑄 < 𝑄∗ , 𝑉ᇱ(𝑄) > 0 , indicating that increasing electricity consumption raises net utility; 
when 𝑄 > 𝑄∗ , 𝑉ᇱ(𝑄) < 0 , indicating that additional consumption reduces net utility. 
Therefore, if 𝑄௠௢௡௧௛ ≤ 𝑄∗, then 𝑉ᇱ(𝑄௠௢௡௧௛) ≥ 0, and under annual implementation, net 
utility can be further increased by raising electricity consumption until 𝑄∗, implying 𝑄∗ ≥𝑄௠௢௡௧௛ . Conversely, if 𝑄௠௢௡௧௛ > 𝑄∗ , then 𝑉ᇱ(𝑄௠௢௡௧௛) < 0 , so reducing electricity con-
sumption increases net utility, implying 𝑉(𝑄∗) > 𝑉(𝑄௠௢௡௧௛) . Combined with Equation 
(13), this yields 𝑉௠௢௡௧௛ ≤ 𝑉(𝑄௠௢௡௧௛) < 𝑉(𝑄∗) which contradicts the optimality of 𝑄௠௢௡௧௛ 
under monthly implementation, because the monthly solution is obtained through 
month-by-month optimization and therefore cannot be improved by further adjusting to-
tal electricity consumption. Hence, the case  𝑄∗ < 𝑄௠௢௡௧௛  cannot occur, and it follows 
that 𝑄∗ ≥ 𝑄௠௢௡௧௛. This demonstrates that total electricity consumption under annual im-
plementation is greater than or equal to that under monthly implementation. 

3.5. Comparison of Cross-Subsidization Under Different Implementation Modes of IBT 

Electricity price cross-subsidization refers to a situation in which residential electric-
ity tariffs are lower than the actual supply cost, and the resulting cost gap must be covered 
by other users (e.g., industrial and commercial consumers). Therefore, for any implemen-
tation mode of IBT, total subsidy is defined as total supply cost minus residential electric-
ity revenue, which can be expressed as: 𝑆 = 𝑐଴𝑄௧௢௧௔௟ − 𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑟𝑒𝑣𝑒𝑛𝑢𝑒 (14)

where 𝑐଴ denotes the per-unit electricity supply cost; 𝑄௧௢௧௔௟ represents total residential 
electricity consumption (which is 𝑄∗  under annual implementation and 𝑄௠௢௡௧௛  under 
monthly implementation); total residential electricity expenditure is 𝐶(𝑄∗) under annual 
implementation and ∑ 𝑐(𝑞௧௠௢௡௧௛)௧்ୀଵ  under monthly implementation. 

Based on the theoretical model developed above, annual implementation not only 
increases household electricity consumption but also increases the magnitude of cross-
subsidization under the IBT system. This result follows from two mechanisms. First, 
higher electricity consumption under annual implementation increases the total amount 
of subsidized electricity consumption. Second, annual implementation allows households 
to allocate electricity consumption more efficiently across months, increasing the share of 
electricity billed at lower tariff blocks and thereby enlarging the overall cross-subsidiza-
tion. 

Accordingly, the theoretical model predicts that: S∗ ≥ S୫୭୬୲୦ (15)

The detailed mathematical derivation is presented in Appendix B. 
Based on the above theoretical results, the following testable predictions are pro-

posed and are examined in the empirical analysis. 

1. Annual implementation of IBT is expected to increase household electricity con-
sumption. This prediction is evaluated in the baseline DID analysis. 
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2. Annual implementation is expected to reduce households’ exposure to higher tariff 
blocks, thereby lowering the effective electricity price and increasing electricity con-
sumption. 

3. The policy effect is expected to be stronger for low-income and low-education house-
holds because these households are more sensitive to electricity price changes. This 
prediction is tested in the heterogeneity analysis. 

4. Increasing-Block Tariffs Reform Policy 
Since 2004, IBT has been gradually introduced in Zhejiang, Fujian, and Sichuan prov-

inces, all under a monthly billing scheme. Among them, Zhejiang Province officially im-
plemented IBT in August 2004. In Fujian Province, IBT for residential electricity in areas 
directly supplied by the provincial power grid was introduced in October 2004. In July 
2006, IBT was implemented province-wide to alleviate electricity price distortions, sup-
port relocated reservoir migrants, and promote renewable energy development. 

On 9 October 2010, the National Development and Reform Commission (NDRC) of-
ficially released the “Guiding Opinions on Implementing IBT for Residential Electricity 
(Draft for Public Comments),” soliciting feedback from the public. The majority of re-
sponses supported the residential IBT mechanism and the direction of electricity price 
reform. It was widely recognized that, amid growing energy supply constraints and en-
vironmental pressures, the implementation of residential IBT was necessary to enhance 
energy conservation awareness at the societal level and to promote resource conservation, 
environmental protection, and energy-efficient technological progress. After extensive in-
vestigation and repeated feasibility assessments, the NDRC formally issued the “Guiding 
Opinions on the Trial Implementation of IBT for Residential Electricity” in December 2011. 
On 28 March 2012, at the National Economic System Reform Work Conference, the NDRC 
announced that residential IBT would be introduced in the first half of 2012. By mid-June 
of the same year, provincial governments successively released their implementation 
plans. Starting from 1 July 2012, residential IBT was officially implemented across 29 prov-
inces and municipalities nationwide (excluding Xinjiang, Tibet, Hong Kong, Macao, and 
Taiwan). All regions adopted a three-tier structure—classified as basic necessity consump-
tion, normal reasonable consumption, and high-quality living consumption—with elec-
tricity prices increasing progressively across tiers. 

There are two implementation schemes for residential IBT: annual and monthly bill-
ing cycles. As shown in Table 1, 15 provinces and municipalities, including Ningxia, Hei-
longjiang, and Jilin, initially adopted an annual billing cycle for IBT and have maintained 
this arrangement ever since. Under this scheme, the threshold for the first and second tiers 
ranges from 2040 to 3120 kWh per year, while the threshold between the second and third 
tiers ranges from 3121 to 4800 kWh per year. The price for the second tier is uniformly 
0.05 CNY/kWh higher than the first tier, while the third-tier price is uniformly 0.30 
CNY/kWh higher than the first tier. In contrast, 14 provinces and municipalities, including 
Fujian, Sichuan, Yunnan, Guangdong, and Hunan, adopted a monthly billing cycle to shift 
residential electricity consumption away from peak-demand seasons and to avoid the 
concentration of higher-tier electricity consumption in the third and fourth quarters of the 
year. At the same time, this design also imposes tighter constraints on highly mobile 
households. Under this scheme, the threshold for the first and second tiers ranges from 
120 to 200 kWh per month, while the threshold between the second and third tiers ranges 
from 230 to 400 kWh per month. The second-tier price is set at 0.05 CNY/kWh above the 
first-tier price (except in Sichuan Province, where the increment is 0.10 CNY/kWh), and 
the third-tier price is uniformly 0.30 CNY/kWh above the first-tier price. Some provinces 
and municipalities later shifted from monthly to annual billing after initially adopting the 
monthly scheme, including Guizhou, Hubei, Guangxi, and Chongqing, which changed 
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their billing cycles in January 2014, January 2015, July 2015, and January 2016, respec-
tively. However, the monthly equivalent tier thresholds and price differentials remained 
unchanged after the conversion. These provinces form the treatment group in the empir-
ical analysis. Although several provinces initially adopted monthly billing to accommo-
date seasonal electricity demand fluctuations, subsequent transitions to annual billing 
were implemented during the continued refinement of the residential IBT system. Official 
policy documents from Guizhou and Chongqing indicate that these adjustments aimed to 
improve the implementation of the residential IBT system, reduce distortions arising from 
monthly tariff assessment, and enhance the flexibility of annual electricity allocation 
[36,37]. Nevertheless, we acknowledge that province-specific policy considerations may 
have been correlated with local electricity demand conditions. Therefore, the possibility 
of demand-related policy selection cannot be completely excluded. To address this con-
cern, this study employs household fixed effects, year fixed effects, parallel trend tests, 
placebo tests, and multiple robustness checks to verify the reliability of the estimated ef-
fects. 

Table 1. Table of Residential IBT Policies Implemented by Provinces and Cities. 

Implementation  
Period 

Provinces and Cities 

Tiered Electricity Consumption and Price (kWh, CNY/kWh) 
Tier 1 Tier 2 Tier 3 

Electricity  
Consumption 

Electricity 
Price 

Electricity  
Consumption 

Electricity 
Price 

Electricity  
Consumption 

Electricity 
Price 

Implemented on a 
Monthly Basis 

Yunnan Up to 120 0.4670 121–250 0.5170 Above 250 0.8170 
Qinghai Up to 150 0.3771 151–230 0.4271 Above 230 0.6771 
Gansu Up to 160 0.5100 161–240 0.5600 Above 240 0.8100 
Hainan Up to 160 0.4880 161–290 0.5380 Above 290 0.7880 
Shanxi Up to 170 0.4770 171–260 0.5270 Above 260 0.7770 

Western Inner Mongolia Up to 170 0.4300 171–260 0.4800 Above 260 0.7300 
Eastern Inner Mongolia Up to 170 0.5000 171–260 0.5500 Above 260 0.8000 

Sichuan Up to 180 0.5224 181–280 0.6224 Above 280 0.8224 
Hunan Up to 180 0.5880 181–350 0.6380 Above 350 0.8880 
Fujian Up to 200 0.4983 201–400 0.5483 Above 400 0.7983 

Guangdong Up to 200 0.6100 201–400 0.6600 Above 400 0.9100 

After the Policy Changed 
from Monthly to  

Annual Implementation 

Guangxi Up to 2040 0.5283 2041–3240 0.5783 Above 3240 0.8283 
Hubei Up to 2160 0.5580 2016–4800 0.6080 Above 4800 0.8580 

Guizhou Up to 2200 0.4556 2200–4000 0.5056 Above 4000 0.7556 
Chongqing Up to 2400 0.5200 2401–4800 0.5700 Above 4800 0.8200 

Implemented on an An-
nual Basis 

Ningxia Up to 2040 0.4486 2041–3120 0.4986 Above 3120 0.7486 
Heilongjiang Up to 2040 0.5100 2041–3120 0.5600 Above 3120 0.8100 

Jilin Up to 2040 0.5250 2041–3120 0.5750 Above 3120 0.8250 
Henan Up to 2160 0.5600 2161–3120 0.6100 Above 3120 0.8600 

Liaoning Up to 2160 0.5000 2161–3360 0.5500 Above 3360 0.8000 
Hebei Up to 2160 0.5200 2161–3360 0.5700 Above 3360 0.8200 

Shaanxi Up to 2160 0.4983 2161–4200 0.5483 Above 4200 0.7983 
Anhui Up to 2160 0.5653 2161–4200 0.6153 Above 4200 0.8653 
Jiangxi Up to 2160 0.6000 2161–4200 0.6500 Above 4200 0.9000 

Shandong Up to 2520 0.5469 2520–4800 0.5969 Above 4800 0.8469 
Tianjin Up to 2640 0.4900 2641–4800 0.5400 Above 4800 0.7900 
Jiangsu Up to 2760 0.5283 2760–4800 0.5783 Above 4800 0.8283 

Zhejiang Up to 2760 0.5380 2761–4800 0.5880 Above 4800 0.8380 
Beijing Up to 2880 0.4883 2881–4800 0.5383 Above 4800 0.7883 

Shanghai Up to 3120 0.6170 3120–4800 0.6670 Above 4800 0.9170 

5. Research Design 
5.1. Data Description and Variable Definitions 

5.1.1. Data Sources 
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The data used in this study come from the 2012–2022 waves of the China Family 
Panel Studies (CFPS), the China Statistical Yearbook, and IBT schemes published by pro-
vincial (municipal) Development and Reform Commissions. The CFPS survey is con-
ducted biennially and provides detailed household-level information across provinces 
and municipalities, including electricity consumption, actual electricity expenditure, an-
nual household income, household size, urban–rural classification, and cooking fuel type. 
The IBT schemes released by provincial (municipal) Development and Reform Commis-
sions are used to identify the treatment and control groups, as well as the tiered consump-
tion thresholds and corresponding tariff levels. By matching these policy data with CFPS 
household-level electricity consumption and expenditure data, we further construct the 
household-level average effective electricity price. Provincial GDP and population data 
are obtained from the China Statistical Yearbook. The raw data are processed in three 
steps. First, household samples from provinces that implemented annual IBT from the 
outset in 2012 are excluded. Second, provinces in northern China that adopted monthly 
implementation schemes are removed (for two reasons: all treated provinces are located 
in southern China, and electricity consumption behavior in northern regions is structur-
ally different due to heating demand). Third, observations with extreme household in-
come values are dropped. In addition, samples with missing key variables are excluded. 
Finally, all continuous variables are winsorized at the 1% level to reduce the influence of 
outliers. After these procedures, a balanced household-year panel dataset containing 
16,640 observations is constructed. 

5.1.2. Variable Definitions 

This study examines how the billing cycle of IBT affects electricity consumption, with 
particular attention to policy implementation status, electricity consumption levels, and 
effective electricity prices. To reduce potential omitted variable bias, household character-
istics and macroeconomic factors are included as control variables. Table 2 summarizes 
the definitions of the main variables. 

Table 2. Variable Definitions. 

 Variable Symbol Variable Definition 

Dependent Variable Natural Logarithm of  
Electricity Consumption 

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦௜௣௧ Annual Electricity Consumption (kWh) of 
Household i in Province p in Year t 

Independent Variable 

Treatment Variable 𝑡𝑟𝑒𝑎𝑡௣௧ 
IBT Implementation Period in Province p in 
Year t: assigned a value of 1 if policy 𝑡𝑟𝑒𝑎𝑡௣௧ is implemented on an annual basis 
from year t onwards; otherwise, assigned 0 
(indicating monthly implementation) 

Time Variable 𝑡௜௧ Assigned a value of 0 before the change in 
the IBT policy implementation period and 1 
after the change 

Net Effect of IBT  
Implementation Period 

𝐷𝐼𝐷 Net Policy Effect Represented by the Inter-
action Term of 𝑡 × 𝑡𝑟𝑒𝑎𝑡 

Control Variable 

Natural Logarithm of Per 
Capita GDP 

𝑙𝑛𝑝𝑟𝑔𝑑𝑝௣௧ Log of Per Capita GDP in Province p in Year 
t: natural logarithm of the annual total GDP 
(100 million CNY) divided by population 
(10,000 people) 

Urban/Rural Attribute 𝑢𝑟𝑏𝑎𝑛௜௣௧ Urban/Rural Attribute of Household i in 
Province p in Year t: dummy variable, 1 for 
urban, 0 for rural 
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Natural Logarithm of  
Household Income 

𝑙𝑛𝑓𝑖𝑛𝑐𝑜𝑚𝑒௜௣௧ Log of Household Income for Household i 
in Province p in Year t: Natural logarithm of 
total household income (CNY) 
 

Household Size 𝑓𝑎𝑚𝑖𝑙𝑦𝑠𝑖𝑧𝑒௜௣௧ Household Size of Household i in Province 
p in Year t: total number of people in the 
household 

Cooking Fuel Uses Elec-
tricity 

𝑜𝑟_𝑒𝑙𝑒𝑐௜௣௧ Cooking Fuel Uses Electricity for Household
i in Province p in Year t: Dummy variable, 1 
if household uses electricity for cooking, 0 
otherwise 

5.1.3. Descriptive Statistics 

Table 3 presents the descriptive statistics. Missing household income values are im-
puted using provincial-level average income. The mean annual household electricity con-
sumption is 2522 kWh. Comparison with Table 1 shows that the average household elec-
tricity consumption is located within the second-tier range of provincial electricity tariff 
schemes. The average per capita GDP is approximately CNY 52,920, which is broadly con-
sistent with China’s economic conditions during the sample period. The average house-
hold income is about CNY 79,101.34. The mean value of the urban–rural dummy variable 
is 0.516, and the average household size is approximately 4 persons. Except for the policy 
net effect of the billing cycle, the urban–rural indicator, household size, and whether cook-
ing fuel is electricity, all other continuous variables are log-transformed for estimation. 

Table 3. Descriptive Statistics. 

Variable Observations Median Variance Minimum Maximum 
Natural Logarithm of Electricity Consumption 16,640 7.493 0.868 2.485 11.082 𝐷𝐼𝐷 16,640 0.151 0.358 0.000 1.000 

Natural Logarithm of Per Capita GDP 16,640 1.573 0.438 0.464 2.325 
Urban/Rural Attribute 16,640 0.516 0.500 0.000 1.000 

Natural Logarithm of Household Income 16,640 10.643 1.222 6.685 13.181 
Household Size 16,640 3.967 1.739 1.000 8.000 

Whether electricity is used as cooking fuel 16,640 0.261 0.439 0.000 1.000 

5.2. Model Specification 

Since 1 July 2012, an IBT policy has been implemented nationwide in China, covering 
29 provinces (municipalities) except Xinjiang, Tibet, Hong Kong, Macao, and Taiwan. 
However, billing cycles vary substantially across provinces, with some adopting an an-
nual billing cycle and others adopting a monthly billing cycle. Notably, Guizhou, Hubei, 
Guangxi, and Chongqing switched their billing cycles from monthly to annual in January 
2014, January 2015, July 2015, and January 2016, respectively. This setting creates a multi-
period treatment-control structure, making it suitable for a multi-period difference-in-dif-
ferences (DID) framework. Recent econometric literature has highlighted potential biases 
in two-way fixed effects (TWFE) estimators under staggered treatment adoption when 
treatment effects are heterogeneous across cohorts or over time. In this study, the timing 
of IBT implementation across provinces follows administrative rollout schedules rather 
than endogenous selection. Moreover, we supplement the TWFE specification with event-
study analyses to examine dynamic treatment effects and pre-trends, which show no evi-
dence of pre-trend violations and consistent post-treatment effects across cohorts. This 
helps alleviate concerns regarding potential bias in the TWFE estimator. The baseline re-
gression model is specified as follows: 
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𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦௜௣௧ = 𝛼଴ + 𝛼ଵ𝐷𝐼𝐷௣௧ + 𝛼ଶ𝑋௜௣௧ + 𝜆௜ + 𝜇௧ + 𝜀௜௣௧ (16)

In the model, subscripts 𝑖,𝑝, 𝑡 denote household, province, and year, respectively. 
The dependent variable 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦௜௣௧ represents the annual electricity consumption of 
household 𝑖 in province 𝑝 at time 𝑡. The key explanatory variable, 𝑡𝑟𝑒𝑎𝑡௣௧, is a dummy 
variable indicating the billing cycle adopted in province 𝑝 at time 𝑡. 𝑡𝑟𝑒𝑎𝑡௣௧ is equal to 
1 if the province adopts an annual IBT scheme in year 𝑡 and subsequent years; otherwise, 
it equals 0, indicating a monthly billing scheme. 𝑋௜௣௧  denotes a set of household-level 
control variables used to capture household characteristics. 𝜆௜  represents household 
fixed effects, 𝜇௧ represents year fixed effects, and 𝜀 denotes the error term.𝛼ଵ and 𝛽ଵ are 
the key coefficients of interest, capturing the effect of switching from monthly to annual 
billing on electricity consumption. A positive coefficient indicates that annual billing sig-
nificantly increases household electricity consumption relative to monthly billing. 

6. Regression Results 
6.1. Baseline Regression 

Table 4 reports the baseline regression results of Equation (16), examining the effect 
of switching from monthly to annual billing on household electricity consumption. Col-
umn (1) presents the results without control variables. Columns (2) and (3) report the re-
sults with household fixed effects and year fixed effects, respectively. Column (4) further 
includes both control variables, household fixed effects, and year fixed effects. The coeffi-
cients on the core explanatory variable remain positive and statistically significant across 
specifications. Using Column (4) as the benchmark specification, the estimated coefficient 
of electricity is 0.1310, which is significant at the 1% level. This suggests that households 
subject to an annual billing cycle consume, on average, 13.10% more electricity than those 
under a monthly billing cycle. These findings indicate that extending the billing cycle from 
monthly to annual leads to an increase in household electricity consumption, suggesting 
higher electricity consumption. This result is consistent with the theoretical predictions 
derived in this study and runs counter to the original policy objective of IBT, which is to 
promote electricity conservation. 

Table 4. Baseline Regression Results of Electricity Consumption Effects. 

Variable (1) (2) (3) (4) 𝐷𝐼𝐷 0.1366 *** 
(0.024) 

0.1455 *** 
(0.020) 

0.1163 *** 
(0.024) 

0.1310 *** 
(0.024) 

Natural Logarithm of Per Capita GDP  
0.4448 *** 

(0.028) 
0.8537 *** 

(0.023) 
0.0824 
(0.072) 

Urban/Rural Attribute  
0.3641 *** 

(0.016) 
0.0898 *** 

(0.029) 
0.0942 *** 

(0.028) 

Natural Logarithm of Household Income  
0.1794 *** 

(0.007) 
0.0647 *** 

(0.007) 
0.0430 *** 

(0.007) 

Household Size  
0.0866 *** 

(0.004) 
0.0705 *** 

(0.006) 
0.0769 *** 

(0.006) 

Whether electricity is used as cooking fuel  
0.1651 *** 

(0.015) 
0.1091 *** 

(0.017) 
0.1106 *** 

(0.016) 
Household Fixed Effects Yes No Yes Yes 

Year Fixed Effects Yes Yes No Yes 

Constant Term 
7.4729 *** 

(0.004) 
4.2879 *** 

(0.080) 
5.0902 *** 

(0.072) 
6.5033 *** 

(0.128) 
Observations 16,640 16,640 16,640 16,640 
Adjusted R2 0.608 0.354 0.595 0.622 

Note: *, ** and *** indicate significance at the 10%, 5% and 1% levels, respectively. Standard errors 
are reported in parentheses. 
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6.2. Parallel Trend Test 

A key assumption for the validity of the difference-in-differences (DID) model is that 
the treatment and control groups satisfy the parallel trends assumption. In this paper, we 
test the parallel trends assumption using relative treatment timing, with the model speci-
fied as follows: 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦௜௣௧ = 𝛼଴ + ෍ 𝛿௧ଷ

௧ୀିଶ 𝐷௣௧ + 𝛼ଶ𝑋௜௣௧ + 𝜆௜ + 𝜇௧ + 𝜀௜௣௧ (17)

where 𝐷௣௧ denotes a set of relative-time dummy variables indicating the years before and 
after the transition from monthly to annual IBT. 𝑋௜௣௧ represents household-level control 
variables used to capture household characteristics. 𝜆௜ denotes household fixed effects, 𝜇௧ 
denotes year fixed effects, and 𝜀 is the error term. The coefficient 𝛿௧ captures the difference 
in household electricity consumption between the treatment and control groups for each 
relative year t after (or before) the policy change. The year in which each province switches 
from monthly to annual billing is used as the base period. Figure 1 presents the dynamic 
effects over the event window, while Table 5 reports the estimates for selected relative years. 
The results show that the pre-treatment coefficients are statistically insignificant and close 
to zero, indicating no significant differences in electricity consumption trends between the 
treatment and control groups prior to policy implementation. This suggests that the parallel 
trends assumption required for the DID model is satisfied. After the policy change from 
monthly to annual implementation, the estimated coefficients become significantly positive, 
indicating that annual billing leads to a persistent increase in household electricity con-
sumption. This pattern is consistent with the baseline regression results and strengthens the 
validity of the empirical identification strategy, providing further evidence for the causal 
interpretation of the baseline estimate reported in Section 6.1. Overall, this dynamic specifi-
cation provides further evidence supporting the validity of the DID identification strategy 
under staggered adoption. Although staggered DID estimators may be subject to bias when 
treatment effects vary across cohorts, the heterogeneity-robust event-study results indicate 
that the estimated effects are unlikely to be driven by differential pre-treatment trends 
across treatment cohorts. However, due to data availability and the timing of policy imple-
mentation, the event-study design includes a relatively short pre-treatment window. There-
fore, while the formal joint test of the pre-treatment coefficients fails to reject the null hy-
pothesis of parallel trends, the limited number of pre-treatment periods remains a limitation 
that should be considered when interpreting the results. 

 

Figure 1. Parallel Trend Test of Electricity Consumption Effects. 
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Table 5. Selected Event-study Estimates of Dynamic Treatment Effects. 

Variable Coefficient Std. Error z-Value p-Value 95% Confidence Interval 
Tm2 0.0241 0.0385 0.63 0.532 [−0.0514, 0.0996] 
Tp0 0.0662 ** 0.0331 2 0.046 [0.0012, 0.1311] 
Tp2 0.1810 *** 0.0398 4.54 0 [0.1030, 0.2591] 
Tp4 0.1717 *** 0.0497 3.46 0.001 [0.0743, 0.2691] 

Note: *, ** and *** indicate significance at the 10%, 5% and 1% levels, respectively. Standard errors 
are reported in the table. 

6.3. Placebo Test 

To rule out the influence of unobserved omitted variables on the baseline regression 
results, this study conducts a placebo test by randomly assigning treatment groups. Spe-
cifically, both the timing and provincial assignment of policy switching from monthly to 
annual IBT are randomly generated to construct a set of false treatment groups. The model 
specified in Equation (16) is then re-estimated using these placebo samples. This proce-
dure is repeated 500 times, generating 500 placebo coefficient estimates. Figure 2 reports 
the probability density distribution of the estimated coefficients for electricity consump-
tion. The placebo coefficients of the core explanatory variable are mainly concentrated 
around zero, while the benchmark estimated coefficient of 0.1310 lies outside the placebo 
distribution. This indicates that the baseline results are unlikely to be driven by other un-
observed factors. In addition, the scatter plot of p-values shows that the values are con-
centrated around zero and are far from the true estimated effect. Most observations lie 
above the dashed line (p = 0.1), indicating statistical insignificance at the 10% level. Over-
all, these results further confirm that the estimated effects in this study are unlikely to be 
driven by unobservable confounding factors. 

 

Figure 2. Placebo Test of Electricity Consumption Effects. 

6.4. Robustness Tests 

To further verify the robustness of the baseline results, this study conducts a series 
of robustness checks, including excluding the impact of extreme events such as the 
COVID-19 pandemic, excluding the effect of seasonal electricity tariff schemes, and per-
forming a PSM-DID estimation. 

6.4.1. Excluding the Impact of Extreme Events 
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Since the sample used in this study includes observations during the COVID-19 pan-
demic period, which may have a significant impact on the estimation results, we exclude 
the pandemic-period data and re-estimate the effect of changes in the implementation cy-
cle of IBT on household electricity consumption. As shown in Column (1) of Table 6, after 
excluding the pandemic years, the estimated effect on household electricity consumption 
remains positive and statistically significant at the 1% level, with a coefficient of 0.1087. 
This indicates that, absent the pandemic effect, switching from monthly to annual billing 
increases household electricity consumption by 10.87%, which is lower than the baseline 
estimate of 0.1310. This suggests that household electricity consumption increased during 
the pandemic due to home isolation or remote work, which is consistent with observed 
conditions during the pandemic. Overall, this result further validates that extending the 
billing cycle from monthly to annual significantly promotes household electricity con-
sumption. 

Table 6. Robustness Checks of Electricity Consumption Effects. 

Variable 
(1) 

Excluding the Impact of 
COVID-19 Years 

(2) 
Excluding the Impact of  

Seasonal Electricity Tariffs 

(3) 
PSM-DID Test 𝐷𝐼𝐷 0.1087 *** 

(0.025) 
0.1476 *** 

(0.028) 
0.1309 *** 

(0.024) 

Natural Logarithm of Per Capita GDP 
0.0966 
(0.090) 

0.4112 *** 
(0.143) 

0.0844 
(0.072) 

Urban/Rural Attribute 0.0967 *** 
(0.030) 

0.0855 ** 
(0.039) 

0.0938 *** 
(0.028) 

Natural Logarithm of Household Income 0.0422 *** 
(0.007) 

0.0274 *** 
(0.009) 

0.0423 *** 
(0.007) 

Household Size 
0.0694 *** 

(0.007) 
0.0749 *** 

(0.008) 
0.0772 *** 

(0.006) 

Whether Electricity is Used as Cooking Fuel 
0.1023 *** 

(0.018) 
0.1686 *** 

(0.022) 
0.1104 *** 

(0.016) 
Household Fixed Effects Yes Yes Yes 

Year Fixed Effects Yes Yes Yes 

Constant Term 6.4663 *** 
(0.150) 

6.0400 *** 
(0.221) 

6.5076 *** 
(0.129) 

Samples 13,915 10,546 16,640 
Adjusted R2 0.628 0.615 0.622 

Note: *, ** and *** indicate significance at the 10%, 5% and 1% levels, respectively. Standard errors 
are reported in parentheses. 

6.4.2. Excluding the Effect of Seasonal IBT Schemes 

During the monthly implementation period, some provinces adopted seasonal IBT 
schemes, in which the tariff levels remained unchanged while the tier thresholds varied 
across seasons. For example, Guangdong Province divides its tariff thresholds into sum-
mer and non-summer standards, with lower thresholds in non-summer periods. Hunan 
Province distinguishes between spring–autumn and winter–summer periods, where the 
first-tier threshold remains the same, while the second- and third-tier thresholds in win-
ter–summer are 100 kWh/month higher than in spring–autumn. Hainan Province differ-
entiates between summer and winter standards, with higher thresholds in summer. To 
eliminate the influence of such seasonal tariff schemes, these provinces are excluded from 
the sample. As shown in Column (2) of Table 6, the estimated effect remains positive and 
statistically significant at the 1% level, with a coefficient of 0.1476. This implies that, after 
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excluding seasonal tariff effects, switching from monthly to annual billing increases 
household electricity consumption by 14.76%, further confirming the promoting effect of 
the policy change on electricity consumption. Moreover, the coefficient after excluding 
seasonal tariff schemes is larger than the baseline estimate of 0.1310, suggesting that the 
combined design of “combined IBT and seasonal tariff schemes” is more conducive to 
electricity conservation than a simple switch from monthly to annual implementation. 

6.4.3. PSM-DID-Based Policy Evaluation 

Figure 3 presents the balance test results of the propensity score matching procedure, 
while Table 7 reports the propensity score matching results based on a 1:5 nearest-neigh-
bor matching strategy. An absolute standardized bias below 20% indicates satisfactory 
matching performance [38]. After matching, the standardized biases of all covariates be-
tween the treatment and control groups are significantly reduced. Specifically, the stand-
ardized bias decreases by 77.10% for the logarithm of per capita GDP, 99.10% for the ur-
ban–rural indicator, 95.70% for the logarithm of household income, 73.50% for household 
size, and 92.10% for whether cooking fuel is electricity. The absolute standardized biases 
after matching are all well below 20%, indicating that the two groups exhibit highly simi-
lar covariate characteristics after propensity score matching and that the balance test is 
satisfied. In addition, the pre-treatment control group becomes more comparable to the 
treatment group after matching, which helps reduce potential estimation bias in the DID 
analysis of policy effects. 

Table 7. Propensity Score Matching Results. 

Variable Sample 
Mean Standard  

Error 
Reduction in 

Standard Error p-Value 
Treatment Group Control Group 

Natural Logarithm of Per 
Capita GDP 

Before Matching 1.5696 1.5741 −1.1% 
0.7710 

0.6290 
After Matching 1.5696 1.5706 −0.3% 0.9270 

Urban/Rural Attribute 
Before Matching 0.4713 0.5239 −10.5% 

0.9910 
0.0000 

After Matching 0.4713 0.4718 −0.1% 0.9730 
Natural Logarithm of 

Household Income 
Before Matching 10.8780 10.6050 23.6% 

0.9570 
0.0000 

After Matching 10.8780 10.8900 −1.0% 0.6970 

Household Size 
Before Matching 3.9306 3.9712 −2.3% 

0.7350 
0.2810 

After Matching 3.9306 3.9413 −0.6% 0.8250 
Whether electricity is used 

as cooking fuel 
Before Matching 0.3300 0.2483 18.1% 

0.9210 
0.0000 

After Matching 0.3300 0.3236 1.4% 0.6270 

 

Figure 3. Balance Test Results. 



Energies 2026, 19, 3488 18 of 28 
 

https://doi.org/10.3390/en19153488 

Based on propensity score matching (PSM), this section re-estimates the baseline 
model, i.e., conducts a PSM-DID robustness test. The results reported in Column (3) of 
Table 6 show that the coefficient of the core explanatory variable is significant at the 1% 
level, with an estimated value of 0.1309. This indicates that, after the shift from monthly 
to annual implementation of IBT, household electricity consumption increases by 13.09%, 
which is almost identical to the baseline estimate of 0.1310. These findings suggest that 
the positive effect of changing the implementation cycle from monthly to annual on 
household electricity consumption remains statistically significant and robust across dif-
ferent sample selection strategies. 

6.5. Heterogeneity Analysis 

This study further examines the heterogeneous effects of changes in the implemen-
tation cycle of IBT on household electricity consumption from two perspectives: house-
hold income level and awareness of IBT policies. First, household per capita disposable 
income is used to distinguish between high- and low-income households. Households 
with per capita income above the annual urban–rural per capita disposable income re-
ported in the China Statistical Yearbook from 2011 to 2021 are defined as high-income 
households, while those below this threshold are defined as low-income households. The 
results in Columns (1) and (2) of Table 8 show that the estimated coefficient of the core 
explanatory variable in Column (1) is significantly positive, whereas the coefficient in Col-
umn (2) is smaller and statistically insignificant. This indicates that the shift from monthly 
to annual billing has a more pronounced effect in promoting electricity consumption 
among low-income households. A possible explanation is that electricity expenditure ac-
counts for a relatively small share of total consumption for high-income households, and 
their price elasticity of electricity demand is lower than that of low-income households. 
The price elasticity of electricity demand is −0.38 for low-income households and −0.08 for 
high-income households [26]. This difference implies that changes in electricity prices 
have a limited impact on high-income households, whereas low-income households are 
more sensitive to price changes; therefore, the policy effect is weaker for high-income 
groups. 

Second, the educational attainment of the household head is used as a proxy for 
awareness of IBT policies. Households whose head has an education level of junior high 
school or below are defined as low-awareness households, while those whose head has a 
high school education or above are defined as high-awareness households. The results in 
Columns (3) and (4) of Table 7 show that the estimated coefficient in Column (3) is signif-
icantly positive, while the coefficient in Column (4) is smaller and statistically insignifi-
cant. This suggests that the shift from monthly to annual billing has a more pronounced 
effect on increasing electricity consumption among households with low awareness of IBT 
policies. policies. A possible explanation is that more educated household heads are better 
able to understand the logic of electricity price adjustments and tend to behave more ra-
tionally in response to policy changes, making them less sensitive to changes in tariff 
mechanisms. 

Table 8. Heterogeneity Tests of Electricity Consumption Effects. 

Variable 
(1) 

Low-Income  
Households 

(2) 
High-Income  
Households 

(3) 
Low-Education 

Households 

(4) 
High-Education 

Households 𝐷𝐼𝐷 0.1641 *** 
(0.028) 

0.0203 
(0.056) 

0.2035 *** 
(0.034) 

0.0473 
(0.038) 

Natural Logarithm of Per Capita GDP 0.1103 
(0.090) 

0.1636 
(0.187) 

0.1716 
(0.126) 

0.1112 
(0.137) 
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Urban/Rural Attribute 
0.0705 * 
(0.039) 

0.1421 ** 
(0.066) 

0.0697 * 
(0.042) 

0.0654 
(0.047) 

Natural Logarithm of Household Income 
0.0407 *** 

(0.010) 
0.0888 *** 

(0.031) 
0.0339 *** 

(0.009) 
0.0845 *** 

(0.014) 

Household Size 0.0750 *** 
(0.008) 

0.0575 *** 
(0.015) 

0.0783 *** 
(0.008) 

0.0929 *** 
(0.011) 

Whether Electricity is Used as Cooking Fuel 0.1267 *** 
(0.019) 

0.0913 *** 
(0.034) 

0.1461 *** 
(0.022) 

0.0111 
(0.030) 

Household Fixed Effects Yes Yes Yes Yes 
Year Fixed Effects Yes Yes Yes Yes 

Constant Term 6.4353 *** 
(0.1587) 

6.5789 *** 
(0.432) 

6.2980 *** 
(0.200) 

6.6037 *** 
(0.277) 

Samples 11,303 5337 9836 6804 
Adjusted R2 0.639 0.630 0.611 0.604 

Note: *, ** and *** indicate significance at the 10%, 5% and 1% levels, respectively. Standard errors 
are reported in parentheses. 

6.6. Mechanism Test 

Based on the empirical results, the shift from monthly to annual implementation of 
IBT is associated with an increase in household electricity consumption. One possible 
mechanism is that extending the billing cycle reduces the effective electricity price faced 
by households and creates expectations of lower electricity prices, which in turn leads to 
excessive electricity consumption. It should be noted that the effective electricity price is 
a mechanically constructed measure based on policy-defined tariff blocks and exogenous 
threshold rules, which reduces concerns that it is directly determined by household be-
havior. Therefore, the following results should be interpreted as suggestive rather than 
strictly causal evidence of the pricing channel. To test this mechanism, this study con-
structs a four-equation mediation effect model, specified as follows: 𝑝𝑟𝑖𝑐𝑖𝑛𝑔௜௣௧ = 𝛼଴ + 𝛼ଵ𝐷𝐼𝐷௣௧ + 𝛼ଶ𝑋௜௣௧ + 𝜆௜ + 𝜇௧ + 𝜀௜௣௧ (18)𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦௜௣௧ = 𝛼଴ + 𝛼ଵ𝑝𝑟𝑖𝑐𝑖𝑛𝑔௣௧ + 𝛼ଶ𝑋௜௣௧ + 𝜆௜ + 𝜇௧ + 𝜀௜௣௧ (19)𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦௜௣௧ = 𝛼଴ + 𝛼ଵ𝑝𝑟𝑖𝑐𝑖𝑛𝑔௣௧ + 𝛼ଶ𝐷𝐼𝐷௣௧ + 𝛼ଷ𝑋௜௣௧ + 𝜆௜ + 𝜇௧ + 𝜀௜௣௧ (20)

As reported in Table 9, the coefficient of the DID variable in Column (1) is signifi-
cantly positive, indicating that the shift from monthly to annual implementation of IBT 
increases household electricity consumption by approximately 13.10%. In Column (2), the 
DID coefficient is significantly negative, suggesting that the policy change reduces the ef-
fective electricity price faced by households by about 2.43%. At the same time, given that 
the impact of electricity price changes on consumption may exhibit a lagged effect, the 
current-period electricity price can be interpreted as the expected price influencing next-
period consumption. Accordingly, this study employs a one-period lag of electricity con-
sumption to estimate the price elasticity of demand. As shown in Column (3), the esti-
mated coefficient is significantly negative, with a price elasticity of approximately −0.3694, 
which is consistent with previous findings [39–41]. 

Given that the tariff structure is determined by policy-defined tier thresholds, varia-
tion in effective electricity prices is partly driven by the institutional design of the IBT 
system rather than solely by household consumption behavior. In Column (4), the DID 
coefficient remains significantly positive, while the expected electricity price is signifi-
cantly negative, suggesting that changes in expected electricity prices may serve as a po-
tential channel linking the policy change and household electricity consumption. Specifi-
cally, the policy reduces effective electricity prices, leading households to form lower price 
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expectations, which in turn is associated with higher electricity consumption through 
lower perceived electricity costs. This is consistent with the interpretation that the policy 
outcome may contradict the original objective of mitigating cross-subsidies in electricity 
tariffs. These findings are consistent with the proposed mechanism; however, the media-
tion analysis should be interpreted as identifying an association rather than establishing 
a definitive causal channel. 

Table 9. Mechanism Test of Electricity Consumption Effect. 

Variable 
(1) 

Electricity  
Consumption 

(2) 
Electricity  
Price Level 

(3) 
Electricity  

Consumption 

(4) 
Electricity  

Consumption 𝐷𝐼𝐷 0.1310 *** 
(0.024) 

−0.0243 *** 
(0.002)  

0.0517 * 
(0.030) 

Electricity Price Level   −0.3694 *** 
(0.115) 

−0.3448 *** 
(0.116) 

Natural Logarithm of Per Capita GDP 0.0824 
(0.072) 

0.2257 *** 
(0.008) 

0.3027 *** 
(0.095) 

0.2748 *** 
(0.095) 

Urban/Rural Attribute 
0.0942 *** 

(0.028) 
0.0156 *** 

(0.003) 
0.0937 *** 

(0.034) 
0.0978 *** 

(0.034) 

Natural Logarithm of Household Income 
0.0430 *** 

(0.007) 
0.0024 *** 

(0.001) 
0.0039 
(0.008) 

0.0041 
(0.008) 

Household Size 0.0769 *** 
(0.006) 

0.0075 *** 
(0.001) 

0.0237 *** 
(0.007) 

0.0234 *** 
(0.007) 

Whether Electricity is Used as Cooking Fuel 0.1106 *** 
(0.016) 

0.0006 
(0.002) 

0.0406 ** 
(0.019) 

0.0408 ** 
(0.019) 

Household Fixed Effects Yes Yes Yes Yes 
Year Fixed Effects Yes Yes Yes Yes 

Constant Term 6.5033 *** 
(0.128) 

−1.0061 *** 
(0.014) 

6.3593 *** 
(0.191) 

6.4055 *** 
(0.191) 

Samples 16,640 16,640 12,380 12,380 
Adjusted R2 0.622 0.782 0.670 0.670 

Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively. Standard errors 
are reported in parentheses. 

In addition, the mechanism can be further understood from the perspective of tariff-
block exposure. Under the monthly billing scheme, electricity consumption is settled 
within shorter cycles, which may increase the likelihood that temporary consumption 
spikes during peak periods lead to higher tariff blocks. In contrast, annual billing aggre-
gates consumption over a longer horizon, potentially smoothing short-term fluctuations 
and reducing the probability of entering higher tariff tiers. This may lower households’ 
perceived marginal electricity costs and weaken consumption constraints, thereby in-
creasing electricity demand. This interpretation is consistent with the decline in effective 
electricity prices observed after the transition to annual billing (Table 8). 

However, the CFPS dataset only provides annual household electricity consumption 
and does not contain monthly billing records or detailed consumption profiles. Therefore, 
household exposure to specific tariff blocks cannot be directly identified, and the distri-
bution of observations across tariff tiers before and after the transition cannot be accu-
rately estimated. Accordingly, the tariff-block exposure mechanism should be interpreted 
as an institutional explanation that complements the observed effective price changes ra-
ther than as an independently identified causal pathway. Future research incorporating 
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monthly billing data, smart-meter records, or simulated tariff schedules could further ex-
amine this mechanism. 

7. Conclusions and Policy Recommendations 
This study uses CFPS data to investigate China’s IBT policy and household electricity 

consumption. Based on a theoretical model, a multi-period difference-in-differences (DID) 
approach is employed to examine the impact of changing the billing cycle from monthly 
to annual settlement on household electricity consumption. Robustness checks are con-
ducted to verify the empirical results. Heterogeneous effects across different income levels 
and degrees of policy awareness are analyzed, and the mechanism through which billing-
cycle changes affect electricity consumption is examined. 

7.1. Conclusions 

The results show that shifting from monthly to annual billing significantly increases 
household electricity consumption. The multi-period DID results remain robust after con-
trolling for household and time fixed effects, household characteristics, and regional dif-
ferences, suggesting that annual billing does not merely change the settlement method, 
but also alters how IBT constrains household electricity consumption. Annual billing 
smooths monthly fluctuations in electricity consumption, reducing the likelihood of cross-
ing higher tariff tiers. This in turn lowers the average effective electricity price faced by 
households and stimulates electricity usage. By shifting tier assessment from a monthly 
to an annual basis, annual billing reduces households’ sensitivity to short-term marginal 
price fluctuations. As average electricity prices decline, households perceive electricity 
costs as more manageable, leading to less constrained consumption behavior and ulti-
mately increasing residential electricity demand, while also increasing cross-subsidization 
within the tariff structure. The policy effects also differ across household groups: they are 
most pronounced among low-income and low-education households, who are more sen-
sitive to price signals and more responsive to changes in marginal electricity costs. For 
these households, the lower frequency of pricing constraints under annual billing leads to 
a greater relaxation of consumption behavior and a more substantial increase in electricity 
usage, whereas high-income and high-education households exhibit minimal responses. 
These results suggest that the effects of annual billing differ substantially across house-
hold groups and are characterized by heterogeneity in price sensitivity and behavioral 
responses. Taken together, these findings highlight that the design of billing cycles plays 
an important role in shaping household electricity consumption behavior under increas-
ing-block tariff systems. From a policy perspective, this implies that adjustments in billing 
frequency should be carefully evaluated in terms of their unintended effects on both con-
sumption incentives and tariff equity. At the same time, it should be noted that the policy 
implication regarding a hybrid monthly–seasonal billing design is not directly tested in 
this empirical study, which focuses on the comparison between monthly and annual IBT 
schemes. Therefore, this suggestion should be interpreted as a conceptual extension rather 
than an empirically validated result. Future research could further evaluate the effective-
ness of hybrid tariff structures using more granular policy and consumption data, while 
also investigating the institutional and policy factors underlying provincial transitions be-
tween monthly and annual billing schemes and their implications for causal identification. 

7.2. Policy Recommendations 

The policy implications derived from the identified effect that changes in the imple-
mentation cycle of China’s IBT significantly promote household electricity consumption 
are as follows: 
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7.2.1. Optimization Focus 

Future reforms should avoid treating longer billing cycles as a primary policy direc-
tion. Instead, greater emphasis should be placed on institutional responsiveness to sea-
sonal load variations. Rather than smoothing short-term fluctuations through annual bill-
ing, it is preferable to promote a hybrid design combining monthly settlement with sea-
sonal tier adjustments. Such a structure would better align tariff tiers with seasonal differ-
ences in heating and cooling demand as well as peak-off-peak consumption patterns, 
thereby maintaining affordability for households while preserving incentives for electric-
ity conservation and the policy’s role in encouraging energy conservation. 

7.2.2. Signal Perceptibility 

The perceptibility and comprehensibility of price signals should be incorporated as 
a key component of policy implementation. This can be achieved by improving electricity 
usage notifications and bill presentation formats to reduce delays in households’ re-
sponses to price signals under longer billing cycles. In practice, policy design may 
strengthen real-time reminders around critical threshold points between tiers, changes in 
marginal costs, and feedback on consumption structure. This would reduce households’ 
lag in perceiving price changes and avoid reinforcing the perception that electricity con-
sumption is less costly under annual billing, thereby enhancing the behavioral constraint 
effect of IBT. 

7.2.3. Targeted Support 

Supporting policies should adopt a stratified and targeted governance approach, 
with more tailored energy-saving support and policy communication for low-income and 
low-education groups. Given that these households are more sensitive to price signals and 
more vulnerable to informational constraints, policymakers can provide clearer rule ex-
planations, more accessible consumption alerts, and targeted energy-saving recommen-
dations without increasing their financial burden. In addition, such measures can be co-
ordinated with energy-efficient appliance subsidies and energy retrofitting programs, so 
as to improve the overall efficiency of the policy while mitigating distributional disparities 
arising from the reform. 
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Appendix A. Detailed Derivation of Optimal Monthly Electricity  
Consumption Under Monthly Billing Scheme 

For each consumer type (heterogeneous demand), optimal consumptions under 𝑝ଵ,𝑝ଶ and 𝑝ଷ  are 𝑞௧ଵ, 𝑞௧ଶ and 𝑞௧ଷ , respectively, with 𝑞௧ଷ < 𝑞௧ଶ < 𝑞௧ଵ  by diminishing marginal 
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utility. Define 𝑞௜௧ଵ , 𝑞௜௧ଶ , 𝑞௜௧ଷ  as type i’s optimal consumption in month t under p1, p2, p3, 
respectively, and let 𝐷(𝑖) denote its demand function. In Figure A1, underpଵ, five repre-
sentative types (with demand curves crossing tiers and critical points) have optimal levels 𝑞ଵ௧ଵ , 𝑞ଶ௧ଵ , 𝑞ଷ௧ଵ , 𝑞ସ௧ଵ  and 𝑞ହ௧ଵ . In Figure A2, under 𝑝ଶ, only types 𝐷(3)~𝐷(5) are considered; 
if their optimal consumption under  𝑝ଶ falls below the first-tier threshold, it is billed at p1 
and thus excluded. Similarly for p3, only the relevant subset is considered. Hence the op-
timal levels under 𝑝ଶ are 𝑞ଷ௧ଶ , 𝑞ସ௧ଶ  and 𝑞ହ௧ଶ . 
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Figure A1. optimal electricity consumption under the first-tier IBT scheme. 
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Figure A2. optimal electricity consumption under the second-tier IBT scheme. 
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Figure A3. optimal electricity consumption under the third-tier IBT scheme. 

From the analysis of Figures A1–A3, it is observed that the theoretically optimal con-
sumption level may exceed the quota of the corresponding tariff tier. For example, points 𝐵, 𝐶, 𝐷, 𝐹 in Figure A1, and points 𝐽, 𝐾 in Figure A2, represent such cases. Although 
these points are theoretically optimal, under an IBT scheme with increasing marginal 
prices, the electricity price in the next tier is higher than that in the previous one, which 
may lead to a reduction in net utility. Consumer net utility must therefore be evaluated 
based on the tariff tier associated with the optimal consumption level. A complete discus-
sion of this mechanism is provided below: 
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Appendix A.1. Discussion on the Position of the Optimal Consumption 𝑞௧ଵ 

When 𝑞௧ଵ ≤ 𝑘ଵ, diminishing marginal utility gives 𝑞௧ଷ < 𝑞௧ଶ < 𝑞௧ଵ ≤ 𝑘ଵ; if actual con-
sumption 𝑞௧ < 𝑞௧ଵ , then 𝑢ᇱ(𝑞௧) > 𝑢ᇱ(𝑞௧ଵ) = 𝑝ଵ  and net utility is not maximized, while if 𝑞௧ > 𝑞௧ଵ, then 𝑢ᇱ(𝑞௧) < 𝑢ᇱ(𝑞௧ଵ) = 𝑝ଵ and net utility declines; hence the optimal actual con-
sumption is 𝑞௧∗ = 𝑞௧ଵ. Otherwise, when 𝑞௧ଵ > 𝑘ଵ, the first-tier theoretical optimum exceeds 
the threshold, so the actual optimum must be determined by the second-tier theoretical 
optimum 𝑞௧ଶ, which is discussed below. 

Appendix A.2. Discussion on the Position of the Theoretical Optimal Electricity Consumption 𝑞௧ଶ (Based on 𝑞௧ଵ > 𝑘ଵ) 

Since 𝑞௧ଷ < 𝑞௧ଶ < 𝑞௧ଵ ≤ 𝑘ଵ always holds when 𝑞௧ଵ ≤ 𝑘ଵ is satisfied, and the actual op-
timal consumption level is 𝑞௧∗ = 𝑞௧ଵ, there is no need to separately discuss the position of 𝑞௧ଶ. Instead, it is sufficient to consider the position of 𝑞௧ଶ when 𝑞௧ଵ > 𝑘ଵ occurs, as de-
tailed below. 

1. When 𝑞௧ଶ ≤ 𝑘ଵ  is satisfied, it is equivalent to 𝑞௧ଷ < 𝑞௧ଶ ≤ 𝑘ଵ < 𝑞௧ଵ , and thus 𝑝ଵ <𝑢ᇱ(𝑘ଵ) < 𝑝ଶ always holds. As shown in Figure A4, if the user’s actual electricity con-
sumption is 𝑘ଵ, the user’s net utility is 𝑉ଵ = 𝑢(𝑘ଵ) − 𝑝ଵ𝑘ଵ, represented by area 𝑆ூுி஺ 
in the figure. When the user chooses an actual consumption level of 𝑞௧ଶ (since choos-
ing 𝑞௧ଷ yields lower utility), and the tariff is based on the first-tier tariff, the net utility 
is given by area 𝑆ூு஼ீ, implying 𝑆ூு஼ீ < 𝑆ூுி஺. Meanwhile, if the actual electricity 
consumption is 𝑞௧ଵ, the corresponding net utility is 𝑉ଶ = 𝑢(𝑞௧ଵ) − 𝑝ଵ𝑘ଵ − 𝑝ଶ(𝑞௧ଵ − 𝑘ଵ), 
represented by area 𝑆ூுி஺ + 𝑆஺஻ி − 𝑆஺஻஽ா, implying 𝑆஺஻ி < 𝑆஺஻஽ா. Therefore, the dif-
ference in net utility, 𝑉ଶ − 𝑉ଵ = 𝑢(𝑞௧ଵ) − 𝑢(𝑘ଵ) − 𝑝ଶ(𝑞௧ଵ − 𝑘ଵ) < 0, always holds, and 
the optimal actual electricity consumption is 𝑘ଵ. 

2. As illustrated in Figure A5, when 𝑘ଵ < 𝑞௧ଶ ≤ 𝑘ଶ (the point 𝐸 shown in the figure) 
holds, regardless of whether 𝑞௧ଷ lies to the left or right of 𝑘ଵ, since 𝑞௧ଷ < 𝑞௧ଶ always 
holds, the net utility from choosing 𝑞௧ଶ is greater than that from choosing 𝑞௧ଷ. Simi-
larly, regardless of whether 𝑞௧ଵ lies to the left or right of 𝑘ଶ, since 𝑞௧ଵ > 𝑞௧ଶ always 
holds, choosing 𝑞௧ଵ results in a net utility that is lower than the increase in electricity 
cost, thereby reducing net utility and making it smaller than that of choosing 𝑞௧ଶ . 
Therefore, under all four configurations, the maximum net utility is achieved when 
actual electricity consumption equals 𝑞௧ଶ, represented by area 𝑆ூுி஺ + 𝑆஽ாி. Further-
more, comparing the net utility from choosing 𝑘ଵ and 𝑞௧ଶ, as shown in Figure A5, 
the net utility when choosing 𝑘ଵ is represented by area 𝑆ூுி஺, which is smaller than 
that of choosing 𝑞௧ଶ  (represented by area 𝑆ூுி஺ + 𝑆஽ாி ). Therefore, if 𝑘ଵ < 𝑞௧ଶ ≤ 𝑘ଶ 
applies, the optimal actual electricity consumption is 𝑞௧ଶ. 
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Figure A4. Comparison of the net utility of electricity consumption choices under condition 𝑞௧ଶ ≤𝑘ଵ. 
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Figure A5. Comparison of the net utility of electricity consumption choices under condition 𝑘ଵ <𝑞௧ଶ ≤ 𝑘ଶ. 
3. When 𝑞௧ଶ > 𝑘ଶ (𝑞௧ଵ > 𝑞௧ଶ > 𝑘ଶ) holds, the theoretically optimal consumption level de-

termined under the second-tier electricity price exceeds the consumption threshold 
of the second tier. Therefore, the actual optimal consumption level needs to be jointly 
determined with the theoretically optimal consumption level under the third-tier 
electricity price, denoted as 𝑞௧ଷ, which will be discussed in Appendix A.3 below. 

Appendix A.3. Discussion on the Position of the Theoretical Optimal Electricity Consumption 𝑞௧ଷ (Based on 𝑞௧ଶ > 𝑘ଶ) 

Since 𝑞௧ଷ < 𝑘ଶ always holds when 𝑞௧ଶ ≤ 𝑘ଶ is satisfied, analyzing the location of 𝑞௧ଷ 
in this case is not meaningful. Therefore, it is sufficient to consider the position of 𝑞௧ଶ 
when 𝑞௧ଶ > 𝑘ଶ occurs, as detailed below: 

1. When 𝑞௧ଷ ≤ 𝑘ଶ holds, it is equivalent to 𝑞௧ଷ ≤ 𝑘ଶ < 𝑞௧ଶ < 𝑞௧ଵ, and thus 𝑝ଶ < 𝑢ᇱ(𝑘ଶ) <𝑝ଷ always holds. If the actual electricity consumption is 𝑘ଶ, the user’s net utility is 𝑉ଷ = 𝑢(𝑘ଶ) − 𝑝ଵ𝑘ଵ − 𝑝ଶ(𝑘ଶ − 𝑘ଵ); if the actual consumption enters the third tier (𝑞௧ >𝑘ଶ), the net utility becomes 𝑉ସ = 𝑢(𝑞௧) − 𝑝ଵ𝑘ଵ − 𝑝ଶ(𝑘ଶ − 𝑘ଵ) − 𝑝ଷ(𝑞௧ − 𝑘ଶ). The differ-
ence in net utility, 𝑉ସ − 𝑉ଷ = 𝑢(𝑞௧) − 𝑢(𝑘ଶ) − 𝑝ଷ(𝑞௧ − 𝑘ଶ) < 0 , holds; therefore, the 
optimal actual electricity consumption is 𝑘ଶ. 

2. When 𝑘ଶ < 𝑞௧ଷ holds, 𝑘ଶ < 𝑞௧ଷ < 𝑞௧ଶ < 𝑞௧ଵ follows. If the actual electricity consump-
tion is 𝑘ଶ, the user’s net utility is 𝑉ଷ = 𝑢(𝑘ଶ) − 𝑝ଵ𝑘ଵ − 𝑝ଶ(𝑘ଶ − 𝑘ଵ); if consumption is 𝑞௧ଷ , the corresponding net utility is 𝑉ହ = 𝑢(𝑞௧ଷ) − 𝑝ଵ𝑘ଵ − 𝑝ଶ(𝑘ଶ − 𝑘ଵ) − 𝑝ଷ(𝑞௧ଷ − 𝑘ଶ) . 
Since 𝑢ᇱ(𝑞௧ଷ) = 𝑝ଷ , 𝑉ହ  represents the theoretically optimal consumption within the 
second tier. In this case, it is necessary to compare 𝑉ଷ 𝑎𝑛𝑑 𝑉ହ; given that 𝑢(𝑞௧ଷ − 𝑘ଶ) >𝑝ଷ(𝑞௧ଷ − 𝑘ଶ) , it follows that 𝑉ଷ < 𝑉ହ , and thus the actual electricity consumption 
equals 𝑞௧ଷ. 

Appendix B. Mathematical Derivation of Cross-Subsidization Under 
Alternative IBT Implementation Schemes 
Appendix B.1. Cross-Subsidization Under Monthly Implementation 

In this case, the magnitude of cross-subsidization is given by: 𝑆௠௢௡௧௛ = 𝑐଴𝑄௠௢௡௧௛ −෍𝑐(𝑞௧௠௢௡௧௛்
௧ୀଵ ) (A1)

For month 𝑡, the optimal electricity consumption 𝑞௧௠௢௡௧௛ is given by Equation (5). 
Suppose it falls within tier 𝑖 (i.e., 𝑖 = 1,2,3), then the electricity expenditure in month 𝑡 
is 𝑐(𝑞௧௠௢௡௧௛) = ∑ 𝑝௜𝛥𝑞௧௝௜௝ୀଵ  , where 𝛥𝑞௧௝  denotes the electricity consumption within tier 𝑗 .Therefore, the cost gap in month 𝑡  is 𝑐଴𝑞௧௠௢௡௧௛ − 𝑐(𝑞௧௠௢௡௧௛) = ∑ (𝑐଴ − 𝑝௜)𝛥𝑞௧௝௜௝ୀଵ  . Since 
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𝑐଴ > 𝑝௝ always holds, the cost gap is therefore positive. Hence, the annual cross-subsidi-
zation under monthly implementation is 𝑆௠௢௡௧௛ = ∑ ∑ (𝑐଴ − 𝑝௜)𝛥𝑞௧௝௜௝ୀଵ௧்ୀଵ . 

Appendix B.2. Cross-Subsidization Under Annual Implementation 

In this case, the magnitude of cross-subsidization is given by: 𝑆∗ = 𝑐଴𝑄∗ − 𝐶(𝑄∗) (A2)

The optimal annual electricity consumption 𝑄∗, as specified in Equation (8), is as-
sumed to fall within tier 𝑘  (i.e., 𝑘 = 1,2,3 ). The total annual electricity expenditure is 𝐶(𝑄∗) = ∑ 𝑝௜𝛥𝑄௝௞௝ୀଵ , where 𝛥𝑄௝ denotes the electricity consumption within tier 𝑗,he an-
nual cost gap is ∑ (c଴ − p୧)ΔQ୨୩୨ୀଵ . Since c଴ > p୨ always holds, the cost gap remains posi-
tive. Hence, S∗ > 0. 

Appendix B.3. Comparison of the Relationship Between 𝑆∗ and 𝑆௠௢௡௧௛ 

1. Since 𝑄∗ ≥ 𝑄௠௢௡௧௛ holds, it follows that 𝑐଴(𝑄∗ − 𝑄௠௢௡௧௛) ≥ 0. 
2. For the annual total electricity consumption under monthly implementation 𝑄௠௢௡௧௛, 

if the same level of consumption is also chosen under annual implementation, i.e., 𝑄 = 𝑄௠௢௡௧௛, then under the same electricity consumption level, the annual electricity 
expenditure is less than or equal to that under monthly implementation. Therefore, 
the electricity cost satisfies 𝐶(𝑄௠௢௡௧௛) ≤ ∑ 𝑐(𝑞௧௠௢௡௧௛௧்ୀଵ ) , and thus 𝑆(𝑄௠௢௡௧௛) ≥𝑆௠௢௡௧௛ holds. Let 𝑆(𝑄௠௢௡௧௛) denote the subsidy amount under annual implementa-
tion at 𝑄௠௢௡௧௛. 

3. If 𝑄∗ = 𝑄௠௢௡௧௛ holds, then due to 𝐶(𝑄௠௢௡௧௛) ≤ ∑ 𝑐(𝑞௧௠௢௡௧௛௧்ୀଵ ), 𝑆∗ = 𝑐଴𝑄∗ − 𝐶(𝑄∗) ≥𝑐଴𝑄௠௢௡௧௛ − ∑ 𝑐(𝑞௧௠௢௡௧௛௧்ୀଵ ) = 𝑆௠௢௡௧௛  follows. If 𝑄∗ > 𝑄௠௢௡௧௛  holds, then because of 𝑐଴ > 𝑝௝, the cross-subsidization associated with the additional electricity consump-
tion is ∑ (𝑐଴ − 𝑝௝)𝛥𝑄௝௞௝ୀଵ ≥ 0 (where 𝛥𝑄௝ denotes the tier of the additional electricity 
consumption and 𝑗 denotes the tier in which the additional electricity consumption 
falls). Therefore, we obtain 𝑆∗ = 𝑆(𝑄௠௢௡௧௛) + ∑ (𝑐଴ − 𝑝௝)𝛥𝑄௝௞௝ୀଵ ≥ 𝑆(𝑄௠௢௡௧௛) ≥𝑆௠௢௡௧௛. 

In summary, 𝑆∗ ≥ 𝑆௠௢௡௧௛  holds: the cross-subsidization under annual IBT imple-
mentation is greater than that under monthly implementation. 
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