
sustainability

Article

Reward–Penalty Mechanism Based on Daily Energy
Consumption for Net-Zero Energy Buildings

Yang Zhang, Yuehong Lu *, Changlong Wang, Zhijia Huang and Tao Lv

����������
�������

Citation: Zhang, Y.; Lu, Y.; Wang, C.;

Huang, Z.; Lv, T. Reward–Penalty

Mechanism Based on Daily Energy

Consumption for Net-Zero Energy

Buildings. Sustainability 2021, 13,

12838. https://doi.org/10.3390/

su132212838

Academic Editor: Anna Visvizi

Received: 26 October 2021

Accepted: 14 November 2021

Published: 19 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Civil Engineering and Architecture, Anhui University of Technology, Ma’anshan 243002, China;
zhya-8214@163.com (Y.Z.); clwang2017@163.com (C.W.); hzj@ahut.edu.cn (Z.H.); lvtao456@163.com (T.L.)
* Correspondence: luyuehongtuzi@163.com

Abstract: Net-zero energy buildings (ZEB/NZEB) have been greatly encouraged and are considered
to be a promising approach for energy conservation as well as environmental protection. However,
a lack of incentive mechanisms can hinder the fast development and application of ZEB. This
study thus focuses on the design of a daily reward–penalty mechanism (RPM) by considering the
performance of the building, aiming to enable a lower penalty cost for the building where there is
a better match between energy consumption and energy generation. The impact of the degree of
freedom of the building load (k) is investigated on building performance based on a single-family
house located in Shanghai city, China. It is observed that a higher value of k is preferred since the
building users can adjust its energy consumption profile to better match with its energy generation.
A higher k value enables lower annual energy consumption, lower penalty cost, better stability,
and an average daily zero energy level of around 1.0. In addition, four quadratic fit curves are
derived to describe the relationship between building performance (i.e., annual energy consumption,
the average daily zero energy level, stability, and annual penalty cost) and the degree of freedom.
Meanwhile, the uncertainty of ZEB performance is quantified, which provides flexibility for building
users in selecting the appropriate degree of freedom.

Keywords: net-zero energy building; reward–penalty mechanism; uncertainty analysis; degree of
freedom; stability

1. Introduction

Policies and governance on energy resources are vital and feasible strategies in the face
of energy shortage and environmental pollution. A sequence of policies that are designed
from local to global enables a systemic transition towards more efficient energy regimes [1].
There are three major strategies that are proposed for sustainable energy development:
energy saving by passive design [2,3], the improvement of energy efficiency in energy
systems [4,5], and the application of renewable energy systems [6,7].

A reward–penalty mechanism/scheme is a good approach that has been applied in
different fields, but especially by electricity distribution companies, to ensure an adequate
level of reliability to customers by rewarding (or penalizing) the distribution system
operator when the target is fulfilled (or not fulfilled) [8,9]. Reward–penalty schemes can
be employed in various forms in electric distribution networks by regulators to ensure
services reliability. The uncertainty of services’ reliability causes financial risk faced by
distribution system operators. Therefore, the projects of reliability reinforcement can be
applied to reinforce the service reliability, which should be managed in a way that a higher
profit can be received at lower risk [10]. A decision-making model is presented to update
the parameters of the reward and penalty scheme in each regulatory period and to improve
the efficiency of this scheme, based on which, an objective function is formulated as a
non-linear programming problem to optimize investment cost, imposed cost, and the
amounts of reward and penalty for the distribution company [11]. The incentive-based
demand response programs may lead to a peak rebound and congestion in the distribution
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system, endangering a reliable and sustainable electricity supply to urban consumers. A
reward–penalty demand response program for customers is proposed in the study [12],
where the customers may be rewarded as they shift their demands within requested
hours and may also receive a penalty if their demands exceed predefined thresholds. In
another study [13], the function of reward and penalty is formulated by considering both
manufacturers and utility companies, in which the aim is to mitigate the overgeneration
from the uncontrollable property of renewable sources.

The wide application of feed-in-tariff (FIT) has paved the way for achieving ZEB
since it plays a crucial role in the development of renewable energy technologies in the
building sector. As of 2019, FIT policies have been implemented in 113 jurisdictions [14].
For instance, Hitaj and Löschel [15] estimated the impact of FIT in installed wind power
capacity in Germany. Ye et al. [16] investigated the tariff levels of the FIT for solar PV power
in China and concluded that the tariff levels should be adjusted more frequently to keep the
internal rate of return. Schmidt et al. [17] analyzed the effects of the fixed-price FIT and the
premium-based FIT in a policy experiment for Austria. Gornowicz et al. [18] investigated
a grid-connected rooftop PV system in Poland aiming to identify the optimal system
configuration for two support mechanisms (i.e., the scenario of net-metering and FIT).
Pacudan [19] assessed policy options for the proposed 5-year rooftop solar PV deployment
program in Brunei Darussalam. Tantisattayakul [20] conducted a feasibility analysis of
grid-connected solar PV rooftops for households based on the present FIT framework. It
demonstrated that it is not sufficient to promote investment in PV rooftops in the residential
sector under the current FIT based on the current market situation.

Although substantial literature has been focused on definitions and metrics for
ZEB [21,22], optimization methodologies for energy system size [23–25] and power man-
agement strategy [26–28], only a few studies have been conducted on financial incentive
schemes for a specific building, i.e., ZEB. In our previous study [29], a segment function was
proposed to be the model of penalty cost in the design of zero energy buildings, in which
the parameters were determined by trial tests, but it was difficult to obtain them in different
cases. Therefore, a simple quadratic function was further proposed as the reward–penalty
model for the design of zero energy buildings, based on which a ZEB owner can receive
a bonus at 1.0ZEB design, while the building owners would be fined according to the
achieved ZEB level [30]. However, it was still difficult to ensure a good performance for the
building even if it was designed as a ZEB as large fluctuations of energy flow between the
building and the grid can also cause serious problems. In order to better match the energy
generation and energy consumption in the designed ZEB, a reward–penalty function is
proposed by considering daily energy consumption and energy stability in the building.
Since building users usually have the freedom to change their energy consumption profile,
the degree of freedom on the building load is defined as the flexibility of building load in
this study, based on which, the impact of different degrees of the freedom on the building
performance can be identified for ZEB and non-ZEB. Therefore, the degree of freedom is an
indicator to quantify the range of variation in building load according to building energy
generation. In addition, the relationship between building performance (i.e., annual energy
consumption, the average daily zero energy level, stability, and annual penalty cost) and
degree of freedom is worth formulating to provide guidance on selecting a suitable degree
of freedom. Following on from this introduction, the structure for the remainder of this
paper is as follows: The methodology on the design of daily reward–penalty function is
presented in Section 2. A single-family house located in Shanghai, China is selected to
be the test building, as described in Section 3. The proposed method is then tested in the
building in terms of daily performance and annual performance, and uncertainty analysis
is conducted to further provide building users information on the performance of ZEB
under different selections and degree of freedom, as presented in Section 4. Conclusions
are provided in Section 5.
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2. Methodology

For ZEBs, the annual energy consumption in the building can be satisfied by energy
generation from on-site renewable energy (RES), as shown in Equation (1), where, Egen,i rep-
resents daily energy generation and Econ,i represents daily energy consumption. However,
an annual balanced ZEB may cause great stress on the grid due to its unbalance between
energy generation and energy consumption based on a daily evaluation. That is to say,
ZEBs with lower power fluctuation are expected to be better than those with higher power
fluctuation. As shown in Figure 1, ZEBs labeled as ‘a’ had a much higher fluctuation than
those labeled as ‘b’. Profile ‘b’ is preferred since it causes less stress on the grid and thus it
has a higher independence. The daily level of zero energy buildings (Rzeb,i) can be described
as the ratio between daily energy generation (Egen,i) and daily energy consumption (Econ,i),
as shown in Equation (2). It is noted that the expression of βZEB is defined based on annual
evaluation in this study, where βZEB can be 0.0ZEB, 0.2ZEB, 0.4ZEB, 0.6ZEB, 0.8ZEB, and
1.0ZEB. 0.0ZEB means there is no generation in this building, while 1.0ZEB means the
amount of annual energy generation equals to the amount of annual energy consumption
in this building. Stability (σ) can be used to describe the annual performance of power
fluctuation, as shown in Equation (3), where, a smaller value of stability indicates a better
match between energy generation and energy consumption, thus a better performance of
ZEB is derived.

365

∑
i=1

Econ,i ≤
365

∑
i=1

Egen,i (1)

Rzeb,i =
Egen,i

Econ,i
(2)

σ =

√
∑ 365

i=1(Rzeb,i−1.0)2
/365 (3)

Figure 1. Two basic profiles on power fluctuation in ZEBs.

In order to realize the high performance of a building, a daily reward–penalty mech-
anism can be designed by considering the price of power from the grid (Cgrid), the daily
energy consumption, and power fluctuation, as shown in Equation (4), where, Cpe and Cpe,i
represent the annual reward–penalty cost and the daily reward–penalty cost. In this study,
α is a coefficient that represents the degree of impact of the three parameters (Cgrid, Econ,i,
Rzeb,i) on the reward–penalty cost, and it is selected as 2.0. The building that consumes
higher energy is expected to have a higher penalty cost, while a lower level of ZEB and
greater power fluctuation are also served with higher penalty cost.

Cpe = ∑ 365
i=1Cpe,i = α× Cgrid ×∑ 365

i=1Econ,i × (Rzeb,i − 1.0)2 (4)
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Based on the reward–penalty mechanism (Equation (4)), building users can adjust
the pattern of daily building load to achieve less penalty cost. An indicator, the degree of
freedom (k), can be used to express the flexibility of the load in the building. As described
in the following flow chart, when the building energy consumption is larger than energy
generation, building users can reduce its energy consumption. Then, further compare the
reduced energy consumption based on the degree of freedom (i.e., Econ,i*(1 − k)) with the
energy generation, and the final building energy consumption equals to the larger one.
By contrast, when the building energy consumption is smaller than energy generation,
building users can increase their energy consumption. Then, further compare the increased
energy consumption based on the degree of freedom (i.e., Econ,i*(1 + k)) with the energy
generation, and the final building energy consumption equals to the smaller one. A diagram
showing the relationship between the degree of freedom, energy generation, and energy
consumption is provided in Figure 2.

Figure 2. Relationship among the degree of freedom, energy generation, and energy consumption.

To identify the effectiveness of the proposed daily reward–penalty function for differ-
ent buildings, Monte Carlo simulations are used to generate the hourly building energy
consumption (BEC). In this study, the generated energy consumption of a building per
hour j (E′con,j) is assumed to follow a normal distribution where the standard deviation is
arbitrarily taken to be 0.5 time of the mean value, which can be expressed as shown in
Equation (5) [30]. ε is the ratio of the newly generated energy consumption of a building in
hour j to that of the standard building, and it is selected to 0.2, 0.6, 1.4, and 1.8.

E′con,j ∼ ε× N
(

Econ,j,
(
0.5× Econ,j

)2
)

(5)

3. Case Study

A single-family house located in Shanghai city, China was developed to evaluate the
performance of the proposed reward–penalty function. The house has an area of 100 m2,
and the basic appliances, including a television set, computer, lighting, washing machine,
and water heater, etc. The energy usage for each appliance was set based on the parameters
from reference [23], as shown in Table 1. The power for each appliance was set as: lighting
(30 W × 6), television set (150 W), computer (70 W), washing machine (300 W), water
heater (3500 W), electric cooker (800 W), and small power appliances (100 W). Based on
the habits of local people under the concept of energy conversation, the air conditioner
wasswitched on to provide heating when the outdoor temperature was below 10 ◦C during
winter time and to provide cooling when the outdoor temperature was above 30 ◦C during
summer. Generally, the electricity consumption of this house was around 19.1 kWh per
day. To realize the target of annual energy balance between energy consumption and
energy generation, PV panel was assumed to be the on-site energy generation system. The



Sustainability 2021, 13, 12838 5 of 18

efficiency of PV panel was 18% at standard test conditions, and its lifetime was 25 years.
The electricity price in Shanghai applied step tariff for residential buildings. In our study,
we use the average price as electricity price (0.1USD/kWh) for the single-family house
in Shanghai.

Table 1. Energy usage of household appliances in a single-family house [30].

Appliance Power
(W)

Average Use Time
(h/day)

Electricity Used
(kWh/day)

Lighting 30 W × 6 6 1.08
Television set 150 5 0.75

Computer 70 3 0.21
Washing machine 300 1 0.30

Water heater 3500 1 3.5
Electric cooker 800 1.5 1.20

Small power appliances 100 24 2.40

Air conditioner (AC) 735 W × 2
Summer: Tout > 30 ◦C, AC is

on;
Winter: Tout < 10 ◦C, AC is on

9.70

Total electricity consumption 19.1

Solar radiation was the key parameter that affected energy generation in the building,
and outdoor temperature was the key parameter that affected the building energy con-
sumption. As shown in Figures 3 and 4, the daily solar radiation in each month ranges
from 1.99 kWh to 5.10 kWh, and the average daily solar radiation is 3.626 kWh. Since PV
array is designed to provide electricity for the building, the PV energy generation can be
calculated by Equation (6), where Epv,j is the PV generation per kW at the hour j, fpv is
the PV derating factor (%) and is selected to be 0.9, IT,j is the solar radiation (beam plus
diffuse) incident on the surface of the PV array (kW/m2) at the time j, and IS is the incident
radiation under standard test conditions (1 kW/m2). The temperature coefficient of power
is represented by kp (%/◦C), TC and TSTC are the PV module temperatures in the current
hour (◦C) and under standard test conditions (25 ◦C). The PV efficiency was set as 18% in
the standard test condition. Therefore, Epv,j represents daily PV generation and is equal to
Egen,i in Equation (2), and Epv represents the annual PV generation and equals to Egen in
this study. It is noted that we assumed the photovoltaic array was installed at optimum
inclination angle.

Epv,j = fpv
IT,j

IS

[
1 + kp

(
TC,j−TSTC

)]
(6)

Figure 3. The average daily solar radiation in each month in Shanghai city.
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Figure 4. Average monthly ambient temperature and energy consumption of the house.

The ambient temperature in each month ranged from 4.8 to 29.4 ◦C, and the average
ambient temperature was 16.9 ◦C. Meanwhile, the building energy consumption in each
month ranged from 283.2 kWh to 1296.7 kWh, and the annual energy consumption was
approximately 6983.9 kWh for this single-family house.

4. Results and Analysis
4.1. Daily Performance of ZEB Based on RPM

In order to achieve the net-zero energy target for the house, PV panels of 5.41 m2

was selected to be installed in the building. Six values of the degree of freedom (k) were
selected for the building, i.e., k = 0.0, 0.2, . . . , 1.0. Figure 5 shows the distribution of daily
zero energy levels for the building under different degrees of freedom. The maximum
value of the daily zero energy level of the building was observed to reduce from 4.04 to
2.02, and the minimum value of the daily zero energy level of the building was observed to
increase from 0.04 to 1.0 when k was increased from 0.0 to 1.0. Meanwhile, the average
daily zero energy level of the building was reduced from 1.51 to 1.14, which caused a great
reduction in the stability value (σ) from 1.20 to 0.29. It was also found that when k equaled
1.0, most of the daily zero energy levels were around 1.0. Therefore, a building with a
higher value of k is preferred since building users have better flexibility in adjusting its
energy consumption profile to match its energy generation.

Figure 6 further displayed the daily zero energy level and the corresponding penalty
cost for the building over 21 days (i.e., from day 181 to 201). It can be observed that when k
equaled 0.0, the daily zero energy level of the building fluctuated greatly, i.e., from 0.51 to
1.88. This caused a large fluctuation in its penalty cost, from 0.0 USD/day to 2.3 USD/day.
With the increase of k value, the daily zero energy level of the building was observed to be
much more stable, especially when k equaled 0.8 and 1.0, the daily zero energy level of
the building was around 1.0. Meanwhile, the penalty cost was also kept stable at 0.0 when
k equaled 0.8 and 1.0. Therefore, the daily zero energy level was an important factor in
determining the value of the penalty cost in the building.
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Figure 5. Distribution of daily zero energy level for the building in 365 days.
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Figure 6. Cont.
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Figure 6. Daily zero energy level and corresponding penalty cost for the building over 21 days.

4.2. Annual Performance of ZEB Based on RPM

The performance of the designed ZEB under different degrees of freedom is displayed
in Table 2. As can be seen, the total building energy consumption was reduced with the
increase of degrees of freedom, from 6984 kWh/a at k of 0.0 to 6024 kWh/a at k of 1.0.
Since the building users can change their energy consumption patterns, the average daily
zero energy level of the building was much closer to 1.0 when k equaled 1.0. The annual
penalty cost was also reduced from 1289.7 USD/a at k of 0.0 to 115 USD/a at k of 1.0.
Four quadratic fit curves, as shown in Figure 7, were derived to describe the relationship
between ZEB performance and the degree of freedom, where 0.0 ≤ k ≤ 1.0. Therefore,
building users can easily forecast the corresponding building performance versus the
degree of freedom by using the fitted curves.

Table 2. ZEB performance under different degrees of freedom.

k Econ (kWh/a) Rzeb,ave σ Cpe (USD/a)

0.0 6983.9 1.51 1.20 1289.7
0.2 6599.2 1.34 0.91 837.8
0.4 6217.8 1.24 0.69 523.7
0.6 5892.6 1.20 0.53 314.0
0.8 5868.2 1.16 0.40 186.9
1.0 6024.2 1.14 0.29 115.0
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Figure 7. Relationship between average daily zero energy level (Rzeb,ave), stability (σ), annual building energy consumption
(Econ), annual penalty cost (Cpe) and the degree of freedom (k).

For annual energy consumption (Econ), Econ = 1844.4 × k2 − 2889.6 × k + 7032.8, R2 = 0.98;
For the average daily zero energy level (Rzeb,ave), Rzeb,ave = 0.4481 × k2 − 0.7951 × k + 1.498,
R2 = 0.99;
For stability (σ), σ = 0.5497 × k2 − 1.4403 × k + 1.1879, R2 = 1.0;
For annual penalty cost (Cpe), Cpe = 1182.1 × k2 − 2330.2 × k + 1276.1, R2 = 1.0.

To investigate the impact of building load on the performance of the reward–penalty
mechanism, the building energy consumption (BEC) was varied from 0.2BEC to 1.8BEC
and a Monte Carlo simulation was employed to generate the hourly load. It is noted that
the five types of buildings were all designed to be ZEB, which were integrated with PV
panels. As shown in Figure 8, the building energy consumption at 0.2BEC had the smallest
variation, from 1387.4 kWh/a to 1190.8 kWh/a, when the degree of freedom changed from
0.0 to 1.0. By contrast, the building energy consumption at 1.8BEC had a variation from
12,598 kWh/a to 10,766 kWh/a when the degree of freedom changed from 0.0 to 1.0. It
is also observed that the average daily zero energy level and the stability of the building
nearly kept the same under different BEC levels. For the penalty cost, a building with a
larger BEC level deserved to have a higher penalty cost, and it was increased 10 times from
0.2BEC to 1.8BEC.
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Figure 8. Performance of ZEB under different loads vs the degrees of freedom.
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4.3. Performance Comparison of ZEB and Non-ZEB Based on RPM

To further identify the performance difference between designed ZEB and non-ZEB,
five designed levels of zero energy balance, i.e., 0.2ZEB, 0.4ZEB, 0.6ZEB, 0.8ZEB, and
1.0ZEB, are selected and compared for the building under different degrees of freedom, as
shown in Figure 9. In terms of the annual energy consumption, it was the designed value
of 6984 kWh/a for the five levels when k equaled to 0.0. With the increase of the k value, a
general reduction was observed for the annual energy consumption in the five levels of
ZEB. Meanwhile, the lower level of the building designed (e.g., 0.2ZEB), the smaller energy
it will consume at a high k value. For instance, the annual energy consumption for 0.2ZEB
was reduced from 6984 kWh/a to 1394 kWh/a when the k value varied from 0.0 to 1.0,
indicating 80% of energy consumption can be avoided. By contrast, it was reduced from
6984 kWh/a to 6024 kWh/a for 1.0ZEB when the k value varied from 0.0 to 1.0, indicating
13.7% of energy consumption could be avoided. In terms of the average daily zero energy
level of the building, it increased from 0.3 to 1.0 for 0.2ZEB, from 0.6 to 1.0 for 0.4ZEB, and
from 0.91 to 1.01 for 0.6ZEB when k value varies from 0.0 to 1.0. By contrast, the average
daily zero energy level of the building was reduced from 1.21 to 1.06 for 0.8ZEB, and from
1.51 to 1.14 for 1.0ZEB when k value varies from 0.0 to 1.0. Thus, a higher k value enables
the average daily zero energy level around 1.0 for the building.

Figure 9. Cont.
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Figure 9. Performance of NZEB and non-NZEB VS the degrees of freedom.

In terms of stability, a general reduction was observed in the five designed levels
of ZEB with the increase of the k value. When the k value equaled 1.0 for 0.2ZEB and
0.4ZEB, the stability is 0.0, indicating a good match between building energy consumption
and energy generation. For 1.0ZEB, the stability was reduced from 1.2 to 0.29 when the
k value varied from 0.0 to 1.0. Thus, a higher k value enables a good performance of the
building in both designed ZEB and non-ZEB. In terms of penalty cost, the increase of the k
value can greatly reduce the penalty cost, which can be observed from 0.2ZEB, where it
is 4727.6 USD/a at a k value of 0.0, and it is reduced to 0.0 USD/a at a k value of 1.0. In
0.2ZEB, 0.4ZEB and 0.6ZEB, the penalty cost is nearly 0.0 USD/a when k value reaches 1.0.
In addition, the penalty cost in 0.6ZEB, 0.8ZEB, and 1.0ZEB has a similar trend starting
from around 1200 USD/a at a k value of 0.0, and it is reduced to 1.4 USD/a, 34.7 USD/a,
and 115 USD/a at a k value of 1.0, respectively.

4.4. Uncertainty Analysis

The degree of freedom on the building load is determined by the building users, which
is actually an uncertain parameter during the operation phase. In addition, solar radiation
is an important factor that determines the generated energy, which is also an uncertain
parameter. The Monte Carlo method is employed to generate 100 samples considering
uncertainties from the degree of freedom and solar radiation.

In case 1, a random probability between 0.0 and 0.5 is assumed as the degree of
freedom, and solar radiation is varied with a ratio between 0.8 and 1.2. The distribution
of ZEB performance (i.e., annual building energy consumption (Econ), average daily zero
energy level (Rzeb,ave), stability (σ), annual penalty cost (Cpe)) is displayed in Figure 10. It
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was found that the annual building energy consumption and average daily zero energy
level of the building were expected to vary between 6346.8 kWh/a and 6683.1 kWh/a,
between 1.29 and 1.36, respectively. For the annual building energy consumption, the
cumulative probability was 5% and 95% at the 6391 kWh/a and 6591 kWh/a, respectively,
and it was 49.0% at the mean energy consumption (6504 kWh/a). For the average daily
zero energy level of the building, the cumulative probability was 5 and 95% at 1.30 and
1.35, respectively, and it was 61.0% at the mean average daily zero energy level (1.33).
Meanwhile, the stability and the annual penalty cost were expected to vary between 0.82
and 0.96, between 713 USD/a and 893 USD/a, respectively. For stability, the cumulative
probability is 5 and 95% at 0.86 and 0.93, respectively, and it was 49.0% at the mean stability
(0.90). For the annual penalty cost, the cumulative probability was 5 and 95% at the
760 USD/a and 859 USD/a, respectively, and it was 50.0% at the mean annual penalty cost
(812 USD/a), as shown in Table 3.

Figure 10. Distribution of building performance under the degree of freedom between 0.0 and 0.5.

Table 3. Uncertainties of building performance (k between 0.0 and 0.5, samples = 100 years).

Performance Mean Lower 5th Confidence Level Upper 95th Confidence Level

Econ (kWh/a) 6504 6391 6591
Rzeb,ave 1.33 1.30 1.35
σ 0.90 0.86 0.93

Cpe (USD/a) 812 760 859

In case 2, a random probability between 0.5 and 1.0 was assumed as the degree
of freedom, and solar radiation was the same as it in case 1. The distribution of ZEB
performance is displayed in Figure 11. It was found that the annual building energy
consumption and average daily zero energy level of the building were expected to vary
between 5970 kWh/a and 6439 kWh/a, between 1.21 and 1.30, respectively. For the annual
building energy consumption, the cumulative probability was 5 and 95% at 6032 kWh/a
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and 6340 kWh/a, respectively, and it was 58.0% at the mean annual building energy
consumption (6185 kWh/a). For the average daily zero energy level of the building, the
cumulative probability was 5 and 95% at 1.22 and 1.28, respectively, and it was 48.0%
at the mean average daily zero energy level (1.25). Meanwhile, the stability and the
annual penalty cost were expected to vary between 0.63 and 0.80, between 433 USD/a
and 615 USD/a, respectively. For stability, the cumulative probability was 5 and 95% at
0.67 and 0.75, respectively, and it was 46.0% at the mean stability (0.71). For the annual
penalty cost, the cumulative probability was 5 and 95% at the 481 USD/a and 585 USD/a,
respectively, and it was 51.0% at the mean annual penalty cost (528 USD/a), as shown in
Table 4.

Figure 11. Distribution of Building performance under the degree of freedom between 0.5 and 1.0.

Table 4. Uncertainties of building performance (k between 0.5 and 1.0, samples = 100 years).

Performance Mean Lower 5th Confidence Level Upper 95th Confidence Level

Econ (kWh/a) 6185 6032 6340
Rzeb,ave 1.25 1.22 1.28
σ 0.71 0.67 0.75

Cpe (USD/a) 528 481 585

5. Conclusions and Policy Implication

In this study, a daily reward–penalty function is proposed for net-zero energy build-
ing (NZEB/ZEB) by considering the price of power from the grid, building energy con-
sumption, and power fluctuation. Based on the proposed daily reward–penalty function,
building users can adjust the pattern of daily building load to achieve high performance of
ZEB. To evaluate and compare the effectiveness of the proposed reward–penalty function
under different flexibility of building load (i.e., the degree of freedom on the building load),
a case study is conducted for a single-family house located in Shanghai city, China. Several
conclusions are obtained as follows:
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(1) The distribution of daily zero energy levels for the building under different degrees of
freedom indicates that a higher value of k is preferred since building users can adjust
its energy consumption profile to better match its energy generation. Meanwhile, a
building with a k value of 1.0 is observed to have better stability and lower penalty
cost. Therefore, the daily zero energy level and the degree of freedom are two
important factors to determine the value of penalty cost.

(2) Four quadratic fit curves are derived to describe the relationship between building
performance (i.e., annual energy consumption, the average daily zero energy level,
stability, and annual penalty cost) and the degree of freedom. In addition, the impact
of building load on the performance of the reward–penalty mechanism is identified
by varying the building energy consumption (BEC) from 0.2 BEC to 1.8 BEC. It is also
observed that the average daily zero energy level and the stability nearly keep the
same under different BEC levels.

(3) To compare the performance difference between ZEB and non-ZEB under different
degrees of the freedom, five designed levels of ZEB (i.e., 0.2ZEB, 0.4ZEB, 0.6ZEB,
0.8ZEB, and 1.0ZEB) are selected. A higher k-value enables lower annual energy
consumption, lower penalty cost, and better stability in the five levels of ZEB. In
addition, a higher k value enables the average daily zero energy level of the building
around 1.0.

(4) Uncertainty analysis is conducted by considering two parameters (i.e., the degree of
the freedom and solar radiation). In case 1, a random probability between 0.0 and
0.5 is assumed as the degree of freedom. The mean building energy consumption,
the average daily zero energy level, the stability, and the annual penalty cost are
6504 kWh/a, 1.33, 0.90, and 812 USD/a, respectively. In case 2, a random probability
between 0.0 and 1.0 is assumed as the degree of freedom. The mean building energy
consumption, the average daily zero energy level, the stability, and the annual penalty
cost are 6185 kWh/a, 1.25, 0.71, and 528 USD/a, respectively.

Incentive measures can greatly accelerate the development of ZEB in different coun-
tries. However, only a few studies have been conducted in terms of incentive policies
on the specific building, i.e., ZEB. It is generally accepted that ZEB considers the annual
energy balance between building energy consumption and on-site energy generation, thus,
it is reasonable to design a type of incentive policy based on annual evaluation. However,
as the annual reward–penalty mechanism is designed based on annual energy balance,
it is difficult to provide detailed incentive measures for building users with daily energy
consumption and generation. Considering this, the proposed daily reward–penalty mech-
anism has a greater advantage over the annual reward–penalty mechanism, which was
designed and investigated by the authors in a previous study. In the daily reward–penalty
mechanism, building users can be easily involved in daily building energy matching since
they have flexibility in the control of building load. Meanwhile, the building under daily
reward–penalty mechanism can provide a much more stable power profile compared to
that under the annual reward–penalty mechanism, which is beneficial to the power grid
and thus preferred to the power grid utilities. To achieve a low penalty cost, building users
should reduce their energy consumption and match its energy consumption with energy
generation. It is noted that many parameters (e.g., the investment of renewable energy
system, the dynamic electricity price, building energy consumption and local renewable
resources, etc.) can affect the type of reward–penalty function, further studies on how to
design appropriate reward penalty function will be investigated in future studies.
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