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Introduction

Public-private partnership (PPP) is a long-term coopera-
tive concession agreement between the public and the pri-
vate sector, which has been extensively used in the infra-
structure projects, such as the transportation infrastruc-
ture (Geddes & Reeves, 2017), sports facilities (van den 
Hurk & Verhoest, 2017), water project (Elwakil & Hegab, 
2020), and waste-to-energy plants (Liu et  al., 2018; Ar-
bulu et al., 2017). PPP model can effectively broaden the 
sources of funds for infrastructure and public service pro-
jects whereas reducing the financial pressure on the public 
sector (Li et al., 2020a). It promotes the diversification of 
investors, assists in expanding the investment field of the 
private sector, and stimulates the vitality of the market 

(Hueskes et al., 2017; Cheng et al., 2016). The PPP model 
gives full play to the functional advantages of the public 
sector and private sector, and promotes the continuous 
improvement of the supply quality and service efficiency 
of public infrastructure by introducing the private sector 
and advanced technical management experience.

In the last decades, PPP has advanced from a demand-
based to a performance-based payment that focuses 
greater on improving the effectiveness of undertaking im-
provement and operations by means of introducing supe-
rior techniques, innovation, and administration from the 
private sector (Shang & Aziz, 2020). This trend is named 
availability payments (i.e., a typical type of payment used 
in performance-based PPPs). In a performance-based 
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PPP agreement, the private sector would receive periodic 
payments from the public sector in the concession term. 
The payments are determined based on the quality of per-
formance, and deductions are made if the performance 
falls below the required standard (Shang & Aziz, 2020). 
There are two kinds of performance-based payment for 
infrastructure PPP. The first one is a single unitary charge, 
which is made for construction and operating costs. The 
second one is the separate charges for the availability and 
performance, which compensate for construction invest-
ment from the private sector and the operating cost cov-
ered by performance payment (Shi et al., 2020).

The performance-based payment mechanism not only 
defines how the private sector would be compensated but 
also has incentive effects (Shi et al., 2020). Zhang (2005) 
argued that a key principle in PPP is the link between per-
formance and incentive payments based on successfully 
providing services to the government. The performance-
based payment mechanism includes both positive and 
negative incentive effects (Shi et al., 2020). Li et al. (2020) 
proposed a real option-based nonlinear integer program-
ming approach to solve the financial incentive allocation 
problem, and Real option theory is used to leverage to 
determine the optimal timing and the corresponding 
option value of providing financial incentives. For the 
performance-based payment mechanism, there is a well-
established performance standard, and positive incentive 
effects will be obtained when the performance level is 
higher than the performance standard. Conversely, nega-
tive incentive effects will be got if the performance level is 
lower than the performance standard. In an impertinent 
agreement, the private sector will make unproductive ef-
forts to reduce the construction and operational cost while 
sacrificing the quality of services, which cannot be well-
specified (Hart, 2003). Lack of public sector supervision 
and incentive will lead to the service quality and efficiency 
of PPP projects to fail to meet social needs (Zhang et al., 
2018; Li et al., 2020b).

The essence of the PPP project is the principal-agent 
relationship between the public sector and the private 
sector. Conflicts of interest between the public and the 
private sectors occur due to misaligned goals among the 
partners (Li et al., 2020b). The public tries to maximize the 
social and public interests, whereas the private sector tries 
to maximize their economic benefit, probably enticing 
investors to take opportunistic behavior that harms the 
project in their pursuit of self-interests, especially during 
the operational period (Han et al., 2019; Liu et al., 2016). 
Therefore, it is of vital importance to understand and de-
termine the ways to motivate private sectors, to govern the 
development of PPP project participants, and to prevent 
the occurrence of opportunistic behaviors of the private 
sector (Mohamed et al., 2011), which displays as a behav-
ior of protect and increase their own interests as much as 
possible and even tend to benefits at the expense of oth-
ers in economic activities. Simultaneously, Moral hazard 
triggered by information asymmetry will happen. That is, 

under the condition of information asymmetric, the party 
with information advantage should have the ability to ful-
fill its obligations, but for the sake of maximizing its own 
utility, it may make breach of contract in favor of itself but 
not the other party, and even bring the risk of unexpected 
loss to the party with information disadvantage through 
hide its default behavior. And another behavior related to 
Moral hazard is adverse selection. One of its definitions in 
economics is that the inferior quality products, which are 
caused by both of the information asymmetric between 
two parties and the decrease of market price, drive out 
high-quality products, and then the average quality of the 
products decreases in the market.

To governing these behaviors stated above, the com-
pensation scheme for the private sector is often followed 
by a performance target set by the government, which act-
ed as an evaluation criterion of performance. In order to 
earn more profit in the future, the private sector will make 
a reasonable effort to improve the PPP project perfor-
mance to maintain a good reputation, that is, reputation 
effect (Li et al., 2020b). However, the scheme often gener-
ates side-effects, that is, the ratchet effect (Choi & Thum, 
2003). In particular, under the non-competitive system, if 
the current performance evaluation standard is set accord-
ing to the past performance, the incentive mechanism will 
be weakened. The high historical performance will lead to 
the high current standard, and the circulation scrolls up 
by such analogy in the future (Luo et al., 2016), and the 
private sector, as an agent, would reduce effort or lower 
the real performance, to weaken the pressure produced by 
the growing performance target. This manipulative behav-
ior is defined as deflated performance manipulation (Luo 
et al., 2016). Therefore, to motivate the private sector to 
improve the infrastructure PPP project performance with 
a performance-based reputation mechanism, the ratchet 
effect would likely materialise. Ratchet and reputation ef-
fects interact within a contract, and they ultimately affect 
the behavior of private sector as the contract parameters 
change. In this study, we defined the interaction effect as a 
coupling effect. Coupling refers to the phenomenon of two 
or more systems that affect one another through various 
interactions (Fu et al., 2020), and originates from the field 
of physics (Li et  al., 2012). This highlights a significant 
research gap that how the two opposite effects of ratchet 
and reputation impact on the behavior of the private sec-
tor, and how to design optimal incentive mechanism to 
handle the two effects.

To investigate the coupling effect of reputation and 
ratchet effects, we construct a multi-period dynamic in-
centive mechanism model in a general scheme, due to 
both the ratchet effect and the reputation effect referring 
to long-term incentives in the concession period. The ob-
jectives of this study is to explore how the private sector 
balance its effort involvement and deflated performance 
manipulation, and how to help the government to improve 
the incentive scheme and supervision. The main contri-
butions of this study are as follows: (1) A multi-period 
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dynamic incentive mechanism model under the coupling 
of reputation and ratchet effects is established to achieve 
the balance of interests between government and private 
sector; (2) The influence law that the optimal incentive 
level from government in each performance assessment 
period varies with the different influencing factors is re-
vealed, which provides provide the academic reference for 
government; (3) The set of different performance goals for 
government is investigated according to the optimal ef-
fort level and deflated performance manipulation degree 
of private sectors; (4) Theoretical and methodological 
guidance are given to design incentive contracts of infra-
structure PPP projects for government, and to encourage 
private sector to work harder to promote social benefits 
effectively.

The remainder of this paper is organized as follows. 
Section 1 is the literature review of the incentive mecha-
nism in PPP projects and reputation effect and ratchet ef-
fect in principal-agent theory. Section 2 describes the re-
search methodology in detail and constructs the incentive 
mechanism of PPP projects with reputation and ratchet 
effects. Section 3 presents the result analysis for the model. 
The discussion with numerical simulation is in Section 4. 
The last section provides conclusions.

1. Literature reviews

1.1. Incentive mechanism for PPP projects

The public and private sector in infrastructure PPP pro-
jects are regarded as the principal-agent relationship. In 
general, the phenomenon of information asymmetry be-
tween the public and private sectors is particularly promi-
nent. The public sector, as the principal, is at the informa-
tion disadvantage, while the private sector, as the agent, 
has complete information. The asymmetry of information 
requires an efficient incentive mechanism to be designed 
on the premise of the unification of the interests of prin-
cipal and agent (Domingues & Zlatkovic, 2015). This ena-
bles promotion of the investment enthusiasm and effort 
level of the private sector under an asymmetric informa-
tion circumstance through appropriate incentive mecha-
nisms (Ke et al., 2009; Yi, 2016) and suitable supervision 
strength (Guasch et al., 2006).

The incentive mechanism design of PPP projects 
means that the public sector motivates the private sec-
tor through contracts to maximize social benefits while 
enabling the private sector to achieve its expected returns. 
The objective is to achieve reasonable risk-sharing, inhibit 
opportunistic behaviors of the private sector, and improve 
the performance level of the project. The previous research 
about incentive mechanism focuses on opportunistic 
behavior, supervision management, and compensation 
mechanism. The supervision of the government could ef-
fectively restrain the opportunistic behaviors of the pri-
vate sector (Koo et  al., 2013), and effective supervision 
mechanism could promote the success of PPP projects 
(Mohamed, 2015). Subsequently, Greco (2015) employed 

the principal-agent theory to construct an incentive and 
supervision model from the perspective of government, 
and explored how the government chooses incentive ways 
and supervision levels for the private sector. Liu et  al. 
(2016) introduced the speculation model based on the 
principal-agent theory, proving that the incentive inten-
sity and interest distribution ratio are positively correlated 
with the level of social productivity, and can significantly 
weaken the opportunistic behaviors of the private sector. 
Peran (2008) found that the subsidy behavior of the gov-
ernment affected the performance level of PPP projects in 
the operation period.

The incentive mechanism for performance-based pay-
ment refers to design an incentive mechanism for PPP 
projects based on project performance evaluation results. 
Some scholars gives their attentions on it. Fearnley et al. 
(2004) studied the urban rail transit project in Norway 
and calculated the optimal government compensation in-
centive based on performance. Deng et al. (2009) estab-
lished a dynamic adjustment mechanism for performance 
incentive indexes of PPP projects in terms of government, 
private sector, and public satisfaction, and carried out dy-
namic price adjustment and subsidy for PPP projects. Xu 
and Song (2010) analyzed the relevant factors that affect 
the optimal effort level of the private sector and the gov-
ernment rewards and punishments based on the con-
structed performance incentive contract. Zhang and Qiao 
(2018) developed the PPP project performance incentive 
model and discussed the influencing factors of the gov-
ernment’s comprehensive utility and the private sector’s 
economic utility.

Most of existing studies focused on protecting the fun-
damental interests of the government, private sector, and 
public. However, two problems exist. The first one is that 
the current studies cannot comprehensively analyze the 
dynamic adjustment for a contract in the concession pe-
riod of the infrastructure PPP project. The second one is 
that the ratchet effect of the performance-based incentive 
model is largely overlooked.

1.2. Reputation effect and ratchet effect

1.2.1. Reputation effect

In the 1980s, researchers introduced dynamic game theory 
into the framework of the principal-agent theory. With 
the development of incentive theory, dynamic game the-
ory was used to explore the reputation problem of the 
principal-agent relationship. The most representative ones 
are the standard model of Kreps, Milgrom, Roberts and 
Wilson (KMRW) (Kreps et al., 1982) and the agent mar-
ket reputation model of Holmstrom (Holmström, 1999), 
both of them indicated that reputation is not immuta-
ble. It has long-term uncertainty and complexity, and it 
is a mechanism of interaction. Reputation can substitute 
for material in the form of implicit incentives for agents 
throughout multiple games (Lai et al., 2015; Jaramillo & 
Srikant, 2010). Fama (1980) introduced reputation into 
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an incentive mechanism. They proposed that an implicit 
incentive can be an incomplete substitute for an explicit 
incentive. Even if there is no explicit incentive, agents 
work hard to improve their reputation in the agent mar-
ket, so as to improve their future competitiveness (Guetler 
& Guetler, 2014; Hu et al., 2018; Tadelis, 2016). There have 
also many research on the reputation effect in the PPP 
field. Li et al. (2020b) constructed a two-period dynamic 
incentive model for urban water environment treatment 
PPP projects by introducing a reputation mechanism to 
solve the moral hazard and the opportunistic behaviors 
of the private sector, and explored the effective conditions 
for exerting the reputation incentive effects. Zhang et al. 
(2008) concluded partner’s reputation and collaboration 
effects do have a significant positive relationship during 
the process of PPP, while trust relationship enhance the 
positive relationship between partner’s reputation and col-
laboration effects. These studies have indicated that in a 
normal market credit environment, moral hazard and op-
portunistic behaviors can be avoided by establishing an in-
centive mechanism that considers reputation and restrains 
agents’ long-term behaviors.

1.2.2. Ratchet effect

The ratchet effect is often present in the dynamic incentive 
mechanism, a common problem of dynamic incentive in 
principal-agent theory, and verified by a series of empirical 
evidence (Villegas et al., 2005; Freixas et al., 1985). In the 
principal-agent relationship, the better the performance of 
the agent is, the higher the requirement of the principal 
on the future performance of the agent is (Beyer et  al., 
2014). This phenomenon is known as the ratchet effect 
(Laffont & Tirole, 1988). In order to reduce current real 
performance, the agent often balances effort reduction and 
deflated performance manipulation (Luo et al., 2016). The 
deflated performance manipulation behavior can help the 
private sector use the unreported surplus performance to 
smooth performance in the next period, so as to guaran-
tee seemly performance growth. Rablen (2010) employed 
goal-setting theory to explain why agents tend to take 
the risk to attain a high target. It was reported that agent 

would reduce their real performance in various ways, for 
example, reducing investments (Eldenburg et  al., 2011), 
allowing for price discounts (Roychowdhury, 2006), be-
cause deflated performance manipulation is concealed and 
is challenging to be detected (Bouwens & Kroos, 2011). 
Charness et al. (2011) showed that the ratchet effect most-
ly existed in the labor market without competition, and 
proposed to increase competition to improve the ratchet 
effect. When the agent realizes that its own efforts will 
improve the standard, it will choose to reduce its efforts 
(Bouwens & Kroos, 2011). However, there is no research 
about the ratchet effect in the construction management 
and PPP field. And research from other fields can provide 
lessons on what to do for us.

In a performance-based incentive contract of in-
frastructure PPP project, both the reputation effect and 
ratchet effect influence the behavior of the private sec-
tor. However, the mechanism of influence is still unclear. 
Furthermore, the coupling effect of reputation effect and 
ratchet effect is still to be revealed for us. How to estab-
lish an effective and resilient adjustment mechanism for 
the performance-based payment PPP projects to ensure 
the flexibility of the contract in the franchise period is the 
objective of this study.

2. Methodology

This section will give the methodology for establishing a 
multi-period dynamic incentive mechanism model under 
the coupling of reputation and ratchet effects. The frame-
work of research is shown in Figure 1.

2.1. Description for dynamic incentive model 
incorporating the reputation and ratchet effects

The franchise period of infrastructure PPP projects is di-
vided into different stages according to the performance as-
sessment cycle. The government will pay the operation and 
maintenance expenses and profit to the private sector ac-
cording to its performance appraisal score, and the private 
sector will gain the economic benefits through the opera-
tion and maintenance of the project. In the whole franchise 

Description for 

dynamic incentive 

model incorporating 

the reputation and 

ratchet effects

Part 1

Model Assumptions
Assumption 1: the government (client) 
is risk-neutral and the private sector 
(agent) is risk averse.
Assump�on 2: define cost function of 
the private sector.

Assump�on 7: define formula of the 
performance target of the government. 

Part 2

Model development

Part 3

Results and analysis
(1) Optimal effort level and deflated 
performance manipulation degree for 
private sector.
(2) Optimal incentive coefficient for 
public sector.

Part 4

Figure 1. The research framework of methodology
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the two effects on the incentive mechanism designed by 
the government and the behavior of the private sector.

The input and effort level of the private sector in the 
nth performance appraisal cycle are abbreviated as θn and 
en, respectively. The performance appraisal score of the 
private sector in is denoted as n n nx e= θ . The standard 
performance score set by the government in the nth per-
formance appraisal cycle is denoted as 0 0

n n nx e= θ , wherein 
0
ne  indicates the basic effort level of the private sector in 

the nth performance cycle. It is assumed that An is the 
payment given by the government to the private sector in 
the n performance cycle, and the incentive contract given 
by the government is linear as follows (Gibbons, 1992).

( ) ( )0n n n n nA A a= π = +β π − π ,  (1)

where: an indicates to the fixed payment given by the gov-
ernment to the private sector; ( )0n nβ π − π  indicates the 
performance payment given by the government to the 
private sector; 0,1nβ ∈    indicates the incentive coeffi-
cient set by the government according to the performance 
output of the project; pn and p0 indicate the performance 
output of the private sector and the performance output 
standard set by the government, respectively.

If the value of incentive coefficient is too large or too 
small, it is not conducive to the smooth implementation 
of the project. Specifically, although the private sector can 
be encouraged to do its best to improve performance to 
some extent when the incentive coefficient is too large, the 
payment from the government will also be increased. On 
the contrary, if the incentive coefficient value is too small, 
the enthusiasm of the private sector will not be stimu-
lated the efforts to increase performance level. Therefore, 
the design of the incentive mechanism is to take both the 
government and private sectors into account and set an 
appropriate incentive coefficient, so as to motivate the 
private sector side to improve the performance actively to 
achieve better social benefits, at the same time, maximize 
the income of the private sector.

Before giving model assumptions, a symbol interpreta-
tion are as shown in Table 1.

period, the game sequence between the government and 
the private sector is as follows: (1) the government will de-
termine the incentive contract at the initial stage of perfor-
mance appraisal; (2) the private sector will select the effort 
level according to the contract and obtain the performance 
output of the first performance cycle; (3) the government 
will adjust the incentive contract of the second performance 
cycle according to the performance output of the private 
sector in the first performance cycle; and (4) the private 
sector will select the effort level according to the contract 
formulated by the government in the second performance 
cycle. The performance output in the second performance 
cycle is obtained. The performance assessment goes in cy-
cles until the end of the franchise period.

The model of the ratchet effect proves that if the cli-
ent uses the information obtained from the past perfor-
mance of the agent, the work enthusiasm of the agent will 
be reduced relatively (Gibbons, 1992). In the process of 
a long-term incentive of infrastructure PPP project, the 
government will take the previous performance of the 
private sector as the assessment standard. The previous 
performance of the private sector is related to its level of 
effort, when the input is fixed. Namely, the efforts of the 
private sector may be directly proportional to its perfor-
mance assessment results, and the “standard” would be 
raised up. This tendency for performance standards to 
rising with performance is known as the ratchet effect 
(named as whipping the fast and hard working) (Gib-
bons, 1992). Therefore, when the private sector predicts 
that their efforts would raise the “standards”, their enthu-
siasm for their efforts will reduce. The action of reducing 
efforts and initiative of preventing ratchet effect is called 
performance manipulation. And the difference between 
the performance level and the actual performance level 
in this situation is called performance manipulation level.

Therefore, the role of the “ratchet effect” in the long-
term incentive process of infrastructure PPP projects is 
considered further. The multi-period dynamic incentive 
mechanism model with the coupling of reputation and 
ratchet effects is constructed to explore the influence of 

Table 1. The performance manipulation degree and the influencing factors

Symbol Interpretation of symbols

an indicates to the fixed payment given by the government to the private sector
pn, 

p0 pn and p0 indicate the performance output of the private sector and the performance output standard set by the 
government, respectively

p0 p0 indicates the performance output standard set by the government
p~n p~n indicates the performance output of the private sector observed by the government in the n th performance 

assessment cycle
βn ∈ [0,1] indicates the incentive coefficient set by the government according to the performance output of the project
βn(pn – p0) indicates the performance payment given by the government to the private sector

θn, en θn and en indicate the input and effort level of the private sector, respectively
mn mn ~ N(0, σ2), where σ2 is directly proportional to the information asymmetry as well as the influence of exogenous 

factor to the performance output
k k indicates the output coefficient
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2.2. Model assumptions

The performance output of the private sector in the nth 
performance assessment cycle of the PPP project is

n n nkxπ = +µ ,  (2)
where: n n nx e= θ  indicates the performance appraisal 
score of the private sector in the nth performance cycle, 
where θn and en indicate the input and effort level of the 
private sector, respectively; k indicates the output coef-
ficient; and mn indicates the exogenous random factor. In 
addition, ( )2~ 0,n Nµ σ , where σ2 is directly proportion-
al to the information asymmetry as well as the influence 
of exogenous factor to the performance output.

The performance output pn is mainly measured by 
the performance appraisal score. When 0

n nx x≥ , it can 
be indicated that the output exceeds the expected of the 
government. At this point, the government should give 
rewards to the private sector. On the contrary, if 0

n nx x< , 
it indicates that the output of project operation does not 
reach the expected of the government, and the private 
sector should be punished. According to Equation (1), it 
can be known that the rewards and punishments of the 
private sector in the nth performance assessment cycle 
is ( )0n n nk x xβ − . The incentive coefficient βn is directly 
proportional to the rewards and punishments of the pri-
vate sector from the government in the nth performance 
assessment cycle.

Hart and Holmström (1986) argued that the govern-
ment should be risk-neutral in a dynamic setting. Accord-
ingly, we put forward the following.

Assumption 1: We assume that the government (cli-
ent) is risk-neutral and the private sector (agent) is risk-
averse in the infrastructure PPP project. The utility func-
tion of the private sector is absolute risk aversion, and 
r(r > 0) indicates its absolute risk aversion coefficient.

The incentive contract A(pn) between the government 
and the private sector in the nth performance cycle of the 
infrastructure PPP project is (Gibbons, 1992):

( ) ( )0n n n n nA A a= π = + β π − π ,  (3)

where an indicates the fixed payment given by the gov-
ernment to the private sector in the nth performance as-
sessment cycle. In other words, if the private sector car-
ries out basic maintenance during the franchise period, 
it can get a part of fixed income. In addition, βn ∈ [0,1] 
indicates the incentive coefficient set by the government, 
and p0 indicates the performance output standard set by 
the government.

There is a cost ( ),n nC e θ  to extent an effort en and 
input θn, and the cost is concave. For giving more detailed 
analysis, we assume the following assumption.

Assumption 2: We assume that en and θn are the ef-
fort level and input of the private sector in the nth perfor-
mance assessment cycle, respectively. The cost function of 
the private sector (Gill & Stone, 2010) is

( ) ( )2 2, 2n n n nC e c eθ = + θ , (4)
where c indicates the cost coefficient.

Assumption 3: We assume that the private sector is 
risk-averse, and its risk cost in the nth performance as-
sessment cycle is

2 2nRC = ρσ . (5)
In actual infrastructure PPP projects, the performance 

output is not only related to the effort level and the input 
of the private sector, but also related to the operation abil-
ity of the private sector. Therefore, the operation ability 
of the private sector is further introduced on the basis of 
performance output function in Equation (2).

Assumption 4: We assume that the performance out-
put of the private sector in the nth performance assess-
ment cycle of the infrastructure PPP project is

n n nkxπ = + η+ µ , (6)
where: xn indicates the performance appraisal score of the 
private sector in the n performance assessment cycle; k 
indicates the coefficient of benefit output; ( )2~ 0,Nη τσ  
indicates the operation ability of the private sector in the 
PPP project (assuming that it is not related with time); 
and ( )( )2~ 0, 1n Nµ − τ σ  indicates an exogenous ran-
dom variable. It is assumed that the random variables 

Symbol Interpretation of symbols

xn xn indicates the performance appraisal score of the private sector in the n th performance cycle
r r (r > 0)indicates its absolute risk aversion coefficient
c c indicates the cost coefficient
h h ~ N(0, τσ2) indicates the operation ability of the private sector in the PPP project (assuming that it is not related 

with time)
r r > 0 indicates the coefficient of supervision cost

hn 0 < hn < 1 indicates the supervision intensity of the government
l 0 < l < 1 indicates the coefficient of target adjusting

ê n ê n indicates the expected level effort of government towards the private sector
s s ≥ 0 indicates the bargaining power of the private sector, and the bargaining power of the private sector is directly 

proportional to the role of the reputation mechanism
d1 0 < d1 < 1 indicates the discount rate while calculating inter-term income

End of Table 1
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( )1,2, ,n n Nµ =   are independent of each other; namely, 

( )cov , 0n mµ µ = , m n≠  and ( )
( ) ( )
var

var var n

η
τ =

η + µ
. Thus, 

( ) 2var nπ = σ , in which 0,1τ∈    indicates the ratio be-
tween the variance of the operational capability h and the 
output function pn; and var(h) is directly proportional to τ.

Assumption 5: We assume that the private sector ma-
nipulates performance in the performance appraisal pro-
cess, and the degree of performance manipulation in the 
nth performance assessment cycle is

n n n n n nkx∆π = π − π = + η+µ − π  ,

where p~n indicates the performance output of the pri-
vate sector observed by the government in the nth per-
formance assessment cycle. This study assumes that the 
purpose of the private sector to manipulate performance 
is to hope that the performance output observed by the 
government is lower than its actual performance output, 
namely 0n∆π ≥ .

In order to restrain the performance manipulation of 
the private sector, the government will supervise the per-
formance manipulation behavior. Once the performance 
manipulation of the private sector is detected, the govern-
ment will punish it. It is assumed that the penalty function 
is 2

2d n
dC = ∆π , wherein d > 0 indicates the penalty coef-

ficient; the penalty function Cd is a concave function, and 
0dC ′ > , 0dC ′′ > .

Assumption 6: We assume that the cost of government 
supervision in the nth performance assessment cycle of 
infrastructure PPP projects is

( ) 2 2,n nC h rh=

where: r > 0 indicates the coefficient of supervision cost; 
and 0 1nh< <  indicates the supervision intensity of the 
government.

According to adaptive expectation theory (Luo et al., 
2016), the government adjusts the performance target in 
the next performance assessment cycle according to the 
deviation between the target performance and the actual 
performance in the current performance assessment cycle.

Assumption 7: We assume that the performance target 
of the government in the n + 1th performance assessment 
cycle of the infrastructure PPP project is:

( ) ( )1 1n n n n n nl l l+π = π + π − π = π + − π ,

where 0 < l < 1 indicates the coefficient of target adjusting. 
In the first performance appraisal cycle, the government 
does not know the operation ability of the private sector, 
so it is assumed that 1 0π = .

During the franchise period, although the government 
does not know the operational capability of the private 
sector, it can be estimated according to the historical per-
formance. ( )n̂ ne E e=  indicates the government’s expected 
level of effort towards the private sector. In addition, the 
operation capability h of the private sector and the exoge-
nous factor mn cannot be separated, and it can be obtained 
that ˆn n n nk eη+µ = π − θ  according to Equation (6).

2.3. Model development

Based on the reputation effect, the private sector’s effort 
and manipulation not only affect the current profit but 
also affect the future reputation. The manager’s talent can 
be evaluated by the government based on the past perfor-
mance. The government will evaluate the private sector’s 
talent by the observation of historical performance while 
the private sector can affect such expectation by her effort 
and manipulation.

According to the rational expectations equation,

( ) ( ) ( ) ( )( ) ( )( )1 ,n n n n nE E E Eη π = − τ η + τ π − π = τ π − π  

(7)
that is to say, in the case of given performance output, 
the expected operational capability h of the private sector 
from the government is the weighted average of its prior 
expectation ( )E η  and observed value ( )n nEπ − π . Ac-
cording to the information observed, the government can 
adjust its judgment on the operational capacity of the pri-
vate sector, wherein the prior uncertainty about capacity 
is directly proportional to the correction. This is because 
τ reflects the relevant information of h included in pn, 
and the value of τ is directly proportional to the amount 
of information included in pn. In particular, if there is no 
prior uncertainty ( ( )var 0η = ) and τ = 0, the market will 
not be perfect; on the other hand, if the prior uncertainty 
is very large ( ( )var η →∞ ), or there is no exogenous un-
certainty ( ( )var 0nµ = ) and τ = 1, the market will solely 
correct the judgment on h according to the pn observed.

According to Assumption 7 and Equation (7), the ex-
pected operational capability of the private sector is:

( ) ( ) ( )
( ) ( ) ( )

| 1 |
1ˆ ˆ

n n

n n n n n n

E E
k e k e

γ η π + − γ η π =

γτ π − θ + − γ τ π − θ =





( ) ˆ1 .n n n n n nk e k e τ θ + η+µ − − γ ∆π − θ   

In the incentive contract, the government will adjust 
the fixed payment according to the reputation of the pri-
vate sector, namely

( ) ( ) ( )1 | 1 |n n n na a s E E+  = + γ η π + − γ η π  ,

where 0s ≥  indicates the bargaining power of the private 
sector, and the bargaining power of the private sector is di-
rectly proportional to the role of the reputation mechanism.

According to the assumptions above, it can be known 
that the incentive contract model of the government in the 
n + 1th performance assessment cycle is:

( ) ( )1 1 1 1 1 1n n n n n nA a+ + + + + +π = +β π − π =

( ) ( ) ( )
( )( )1 1

| 1 |

1 .

n n n

n n n n

a s E E

l+ +

 + γ η π + − γ η π + 
 β π − γπ + − γ π 







 (8)

In general, this study considers the design of the incen-
tive mechanism model with two performance assessment 
cycles. When there are only two performance assessment 
cycles, the second cycle is the last cycle of the project. In 
the last cycle, the private sector would no longer consider 
the influence of reputation on its future income.



42 H. Li et al. Incentive mechanism for performance-based payment of infrastructure PPP projects:...

To sum up, the utility function of the government and 
the income function of the private sector in the first per-
formance assessment cycle are as follows, respectively:

( ) ( ) ( ) 2 2
1 1 1 1 1 11

2 2G
d rE A A hγ ψ = π − γ π − − γ π + ∆π − 

 
 

 

and

( ) ( ) ( ) ( )2 2 2 2
1 1 1 1 1 1 11 .

2 2 2P
d cE A A eγ ρ Φ = γ π + − γ π − ∆π − + θ − σ 

 
 

 

In the second performance assessment cycle, the utility 
function of the government, and the income function of 
the private sector are as follows, respectively:

( ) ( ) ( ) ( )2 2
2 2 2 2 2 2 1 11 1

2 2G
d rE A A hγ ψ = π − π − − γ π + ∆π − − − γ β ∆π 

 
 

 

and

( ) ( ) ( ) ( ) ( )2 2 2 2
2 2 2 2 2 2 1 1 11 1 .

2 2 2P
d cE A A eγ ρ Φ = γ π + − γ π − ∆π − + θ − σ − − γ β ∆π 

 
 

 

In summary, the incentive mechanism model of infra-
structure PPP project with the coupling of reputation and 
ratchet effects is as follows:

{ }
1 2

1 1 2
,

max G G
β β

ψ + δ ψ
 

  , (9)

where 10 1< δ <  indicates the discount rate while calculat-
ing inter-term income. The model above should also meet 
two conditions as follows:

(1) Participation constraint: (IR) 1 1 2 0P PΦ + δ Φ ≥Φ  ;
(2) Incentive compatibility constraint: 
(IC1) *

2 2Pe arg max= Φ ,
(IC2)

*
2 2Parg max∆π = Φ ,

(IC3) { }*
1 1 1 2P Pe arg max= Φ + δ Φ 

 ,
(IC4) { }*

1 1 1 2P Parg max∆π = Φ + δ Φ  .
The condition of participation constraint (IR) indi-

cates that the expected utility of the private sector un-
der the contract is greater than the maximum expected 
income (the benefit is called the retained utility) under 
other market opportunities. The incentive compatibility 
constraints IC1 and IC2 are the effort level 2e  and per-
formance manipulation degree Dp2 selected by the pri-
vate sector for maximizing the expected performance in 
the second performance assessment cycle. The incentive 
compatibility constraints IC3 and IC4 are the effort level 
1e  and performance manipulation degree Dp1 selected by 

the private sector for maximizing the utility function of 
the two performance assessment cycles.

3. Results and analysis

3.1. Optimal effort level and deflated performance 
manipulation degree for private sector

(1) The optimal effort level and performance manipulation 
degree of the private sector in the second performance as-
sessment cycle is as follows:

2 2*
2

k
e

c
β θ

=


 , *
2 0∆π = . (10)

The proof processes are shown in Appendix 1.
It can be seen from Equation (10) that the reputation 

and ratchet effects lose their effect in the second perfor-
mance assessment cycle. The optimal effort levels *

2e  is 
positively correlated with 2β , k and θ2 and negatively cor-
related with c. The performance manipulation degree of 
the private sector in the second performance assessment 
cycle is 0.

The conclusions regarding the optimal effort level are 
as follows:

1) The optimal effort level *
2e  is positively correlated 

with the incentive coefficient 2β . In the second 
performance assessment cycle, the reputation and 
ratchet effects lose their effect. The incentive co-
efficient is directly proportional to the degree of 
reward and punishment as well as the risk shared 
by the private sector. In this period, if the actual 
performance exceeds the target performance, the 
private sector will receive more rewards. Therefore, 
the private sector will actively improve their efforts 
to get more performance incentive income.

2) The optimal effort level *
2e  is positively correlated 

with the input θ2 of the private sector. The input θ2 
and effort level 2e  depict its performance appraisal 
score. When the input θ2 is fixed, 2e  is directly pro-
portional to the performance appraisal score; that 
is to say, the input θ2 is directly proportional to the 
performance income as well as the effort.

3) The optimal effort level *
2e  is positively correlated 

with the coefficient of social benefit output k. The 
coefficient k is directly proportional to the social 
benefit in operation and maintenance process of the 
PPP project, and the incentive income of perfor-
mance would be increase. Therefore, the enthusi-
asm for the efforts of the private sector can be im-
proved naturally.

4) The optimal effort level *
2e  is negatively correlated 

with the effort cost coefficient c. The value of c is 
directly proportional to the risk undertaken by the 
private sector. Therefore, the private sector may se-
lect the effort level prudently to reduce the risk.

(2) The optimal effort level and performance manipula-
tion degree of the private sector in the first performance 
assessment cycle is as follows:

1 1 1 1 1 2 1*
1

k k s lk
e

c
β θ + δ θ τ − δ β θ

=
 

 ,  (11)

( )( )1 2 1 1 1 1*
1

1 l s

d

− γ δ β −β − δ τ + δ β
∆π =

γ

  

.  (12)

The proof processes are shown in Appendix 1.
According to Equations (11) and (12), it can be known 

that the optimal effort level and performance manipula-
tion degree of the private sector in the first performance 
assessment cycle are affected by multiple parameters. The 
correlations of the optimal effort level and performance 
manipulation degree to the parameters are analyzed as 
follows.
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According to Equation (11), it can be known that when 
1 1 1 2 0s lβ + δ τ − δ β ≤  , the optimal effort level of the private 

sector *
1 0e = . When 1 1 1 2 0s lβ + δ τ − δ β >  , the conclusions 

on the optimal effort level can be obtained as follows:

1) According to 
*
1 0

e
k

∂
>

∂



, it can be known that the op-

timal effort level *
1e  of the private sector in the first 

cycle is positively correlated with the coefficient of 
social benefit output k. Therefore, the private sector 
will improve its enthusiasm for efforts to increase 
the income, so as to improve reputation.

2) Because 
*
1 0

e
c

∂
<

∂



, the optimal effort level *
1e  of the 

private sector is negatively correlated with the cost 
coefficient c. The cost coefficient is directly propor-
tional to its effort level as well as the risk under-
taken by the private sector. Therefore, the private 
sector may select the effort degree prudently to re-
duce the risk.

3) According to 
*
1

1
0

e∂
>

∂θ



, it can be known that the in-

put θ1 of the private sector is positively correlated 
with its optimal effort level *

1e . The performance 
appraisal score is depicted together by θ1 and *

1e . 
When the input θ1 is fixed, the optimal effort level 
*
1e  is directly proportional to the performance ap-

praisal score.

4) According to 
*
1

1
0

e∂
>

∂δ



, it can be known that the op-

timal effort level *
1e  is positively correlated with the 

discount rate d1. The value of the discount rate d1 
will affect the expected future income of the private 
sector, and the θ1 is directly proportional to the dis-
count of future income in the next cycle.

5) According to 
*
1 0

e∂
>

∂τ



, it can be known that the op-

timal effort level *
1e  is positively correlated with the 

ratio τ. The τ refers to the ratio between the vari-
ance of the operational capability and the perfor-
mance output. When τ is at a high level, the amount 
of information on operational capability included in 
the performance output would be more, and exoge-
nous uncertainty would be reduced. The exogenous 
uncertainty is reduced by the reputation effect. The 
higher reputation would enhance the fixed income 
of the private sector, and in turn, motivate the pri-
vate sector to takes more effort for operation.

6) According to 
*
1

1
0

e∂
>

∂β





, it can be known that the op-

timal effort level *
1e  is positively correlated with the 

incentive coefficient 1β . The incentive coefficient is 
directly proportional to the degree of reward or 
punishment given by the government to the private 
sector as well as the risk undertaken by the private 
sector. Therefore, the private sector side will actively 
improve the effort level to improve the performance 
level under the reputation and ratchet effect.

7) According to 
*
1 0

e
s

∂
>

∂



, it can be known that the op-
timal effort level *

1e  is positively correlated with its 
bargaining power s. The bargaining power s of the 
private sector is directly proportional to the repu-
tation as well as the income from its fixed income 
part. Therefore, the private sector will be motivated 
to make more efforts to obtain more income and 
improve its reputation.

8) According to 
*
1 0

e
l

∂
<

∂



, it can be known that the op-

timal effort level *
1e  is negatively correlated with the 

performance adjustment coefficient l set by the gov-
ernment. When the performance adjustment coeffi-
cient increases, it means that the performance target 
for the next stage increases. In order to reduce the 
magnitude of the growth of the performance target 
in the next phase, the private sector would reduce 
the effort level in the first phase in order to smooth 
the growth of the performance target. This is the 
effect of the ratchet effect.

It can be observed from Equation (12) that, when 
1 2 1 1 1 1 0l sδ β −β − δ τ + δ β ≤   , the performance manipu-

lation degree of the private sector in the first cycle is 
*
1 0∆π = ; when 1 2 1 1 1 1 0l sδ β −β − δ τ + δ β >   , the first deriva-

tive of each influencing factor of the optimal performance 
manipulation degree in Equation (12) is obtained, and the 
results are shown in Table  2. The decision-make of the 
performance manipulation degree is a complex process, 
which is influenced by the joint of multidimensional pa-
rameters. so we should discuss the relationship in a more 
multi-dimensional space.

Table 2. The performance manipulation degree and the 
influencing factors

No. First derivative Description

1  
*
1 1/ 0∂∆π ∂β <

The performance manipulation degree 
*
1∆π  in the first cycle is negatively cor-

related with the incentive coefficient β1

2 *
1 0∂∆π ∂γ < The probability g of the government 

finds the real level of performance 
is negatively correlated with the 
performance manipulation degree *

1∆π  
of the private sector in the first cycle

3 *
1 0l∂∆π ∂ > The performance manipulation degree 

is positively correlated with the 
performance adjustment coefficient l set 
by the government

4 *
1 1 0∂∆π ∂δ > The performance manipulation degree 

*
1∆π  in the first cycle is positively 

correlated with the discount rate d1 of 
inter-period income

5 *
1 0s∂∆π ∂ < The performance manipulation degree 

*
1∆π  is negatively correlated with its 

bargaining power s of the private sector
6 *

1 0d∂∆π ∂ < The performance manipulation degree 
*
1∆π  is negatively correlated with the 

punishment coefficient d
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3.2. Optimal incentive coefficients

The incentive coefficients 1β  and 2β  is as follows:
2 2 2
1 2 1 1 1*

1 2
21

2
2

l s l A
Al

θ − θ − τδ θ
β = +

θ
 ,  (13)

4 4 2 2
1 2 3*

2 2 2 2 4 4 2 2
4 2 2 1 1 4 1

2
2 2 4

k d dB B
B B k dB B k dB k d

θ γ − γ
β =

− γ − θ γ + θ γ
 , (14)

where 2 2 2
1 1 1 2B l= θ δ + θ , ( )( ) ( )2

2 1 1 11 1 1B s c= δ − − τδ − γ − δ ,
2 2 2

3 2 1 1 12B s l l= θ + θ δ τ − θ , ( )2 2
4 1 1B l c= δ − γ , and

4 4 2 2 2 4 2
1 1 1 1 1 1 4 1 3 1 2 1 4 2 34 2 2A k d B k dB k dB B B B B B= θ δ γ − θ δ γ − δ γ + δ

4 4 2 2 2 4 2
1 1 1 1 1 1 4 1 3 1 2 1 4 2 34 2 2A k d B k dB k dB B B B B B= θ δ γ − θ δ γ − δ γ + δ , ( )( ) ( )2 2 2 2 2 2 2 2 3

2 1 1 2 1 4 1 1 2 2 1 12 2 1 2 1 2A B k d lB B k l d k l d= θ δ − θ γ − + θ δ − θ γ − θ δ γ

( )( ) ( )2 2 2 2 2 2 2 2 3
2 1 1 2 1 4 1 1 2 2 1 12 2 1 2 1 2A B k d lB B k l d k l d= θ δ − θ γ − + θ δ − θ γ − θ δ γ .

The proof processes are appeared in Appendix 1.
From Equations (13) and (14), it can be seen that the 

optimal incentive coefficients *
1β  and *

2β  are related to the 
parameters c, k, θ1, θ2, τ, l, s, d1, g and d. The public sector 
dynamically adjusts the incentive coefficients to motivate 
the private sector to improve the performance to get better 
social benefits. Next, the correlation between the variation 
of each parameter and the optimal incentive coefficients *

1β  
and *

2β  is analyzed in two steps by numerical simulation.
Step 1: According to *

10 1< β <  and *
20 1< β < , 151 

groups of data are randomly generated within the range 
of [0,1] for each influencing parameter.

Step 2: According to the data distribution of each pa-
rameter, the influence relation of each parameters to the 
optimal incentive coefficients *

1β  and *
2β  are analyzed.

3.2.1. Influence of performance adjustment coefficient 
on the optimal incentive coefficients

In Equations (13) and (14), it is assumed that θ1 = 0.7, θ2 = 
0.4, c = 0.5, k = 0.7, τ = 0.5, d1 = 0.925, g = 0.8, d = 0.7 and 
s = 0.2, the performance adjustment coefficient l is valued 
within the range of [0.567,1]. The various relationships of 
the optimal incentive coefficients *

1β  and *
2β  to the per-

formance adjustment coefficient l are shown in Figure 2.

It can be seen from Figure 2 that the optimal incen-
tive coefficient *

1β  in the first cycle is positively corre-
lated with the performance adjustment coefficient l. The 
optimal incentive coefficient *

2β  in the second cycle is 
almost not affected by the performance adjustment coef-
ficient l. In the first performance assessment cycle, due 
to reputation and ratchet effects, a more extensive per-
formance adjustment coefficient means that the higher 
the performance standard set by the public sector, and 
the lower the performance income for the private sector. 
In order to achieve reasonable returns for the private 
sector, the public sector needs to increase the incentives 
to the private sector. In the last cycle, the reputation and 
ratchet effects fail. So the performance adjustment co-
efficient hardly affects the optimal incentive coefficient 
anymore.

3.2.2. Influence of bargaining power on the optimal 
incentive coefficient

In Equations (13) and (14), it is assumed that θ1 = 0.7, 
θ2  = 0.4, c  = 0.5, k  = 0.7, d1  = 0.925, l  = 0.8, τ  = 0.5, 
g = 0.8 and d = 0.7, the bargaining power s of the private 
sector is valued within the range [0,0.2141]. The vari-
ation relationship between the optimal incentive coef-
ficients *

1β  and *
2β  and the bargaining power s is shown 

in Figure 3. It can be seen that the optimal incentive 
coefficient *

1β  in the first cycle is negatively related the 
bargaining power s. In the second cycle, the bargaining 
power s of the private sector has little effect on the opti-
mal incentive coefficient *

2β .
In summary, in the first cycle, due to reputation and 

ratchet effects, the stronger the bargaining power of the 
private sector is, the better the reputation effect is. And 
even if the government does not give much incentive, the 
private sector will actively improve the performance level 
to maintain its good reputation. In the last performance 
assessment cycle, neither reputation nor ratchet effects 
play a role. The bargaining power of the private sector has 
little effect on the optimal incentive coefficient.

Figure 2. Relationships between performance adjustment 
coefficient and optimal incentive coefficients

l

*
1β
*
2β

* β

Figure 3. Relationships between bargaining power and optimal 
incentive coefficients

*
1β
*
2β

* β

s
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3.2.3. Influence of the probability that the government 
finds the real performance level on the optimal 
incentive coefficients

In Equations (13) and (14), it is assumed that θ1  = 0.7, 
θ2  = 0.4, c  = 0.5, k  = 0.7, d1  = 0.925, l  = 0.8, τ  = 0.5, 
s = 0.2 and d = 0.7, the probability g that the government 
finds the real performance is valued within the range of 
[0.5, 1]. The relationships between the optimal incentive 
coefficients *

1β  and *
2β  and the probability g are shown 

in Figure 4. It can be seen that the optimal incentive co-
efficient *

1β  in the first cycle is positively correlated with 
the probability g. The second cycle optimal incentive coef-
ficient *

2β  is almost not affected by the probability g.
It can be observed that, the greater the probability that 

the government finds the real performance level in the 
first cycle is, the greater that the government has a sound 
monitoring mechanism. The more the private sector needs 
to actively work to improve performance and minimize 
the degree of performance manipulation, the greater the 
government’s optimal incentive is. In the second and final 
cycle, both the reputation and ratchet effects lose their ef-
fect. Thus, the probability has little effect on the optimal 
incentive coefficient.

It can be seen from Figure 5 that the optimal incen-
tive coefficient *

1β  in the first cycle is positively correlated 
with the punishment coefficient d. In the second cycle, the 
optimal incentive coefficient *

2β  is almost not affected by 
the punishment coefficient.

4. Simulation and case analysis

Nowadays, PPP mode is widely used to the cooperation 
projects between government and enterprise, in which 
government hopes to maximize social benefits, and pri-
vate sector would like to maximize its profit (Wang et al., 
2018). While the higher the performance level means that 
the private sector will invest more in the operation and 
maintenance process of the project, that is, the higher the 
cost to be paid. The profit seeking nature of the private 
sector may reduce the investment as much as possible in 
the construction and operation and maintenance process 
of the project, even at the expense of reducing the social 
benefits of the project, and if the social capital party has 
no stable economic income in the project, and their en-
thusiasm to participate in the project will also be reduced.

This section will give a simulation analysis based on 
a water environment governance and ecological resto-
ration PPP project in China with the total investment 
2162.6205 million Yuan. The estimated cooperation pe-
riod of this project is 20 years, which includes 2 years of 
construction period and 18 years of operation and mainte-
nance period. The private sector is paid by the government 
according to performance evaluation scores in the opera-
tion and maintenance process. The private sector obtains 
economic benefits through the operation and maintenance 
of the project. It is assumed that the government has set 
up a relatively perfect supervision mechanism during the 
operation and maintenance period of the project, and 
once it is found that the performance level of the private 
sector  is untrue, it will be severely punished. Using the 
proposed model, the different scenarios are listed in the 
following subsections.

Figure 4. Relationships between the probability that the 
government finds the real performance level and the optimal 

incentive coefficients

*
1β
*
2β

* β

g

3.2.4. Influence of punishment coefficient on the 
optimal incentive coefficients

In Equations (13) and (14), it is assumed that θ1  = 0.7, 
θ2  = 0.4, c  = 0.5, k  = 0.7, d1  = 0.925, l  = 0.8, τ  = 0.5, 
s = 0.2 and g = 0.8, the punishment coefficient d is valued 
within the range of [0.5617,1]. The punishment coefficient 
d indicates that the government imposes a penalty to the 
private sector because of the performance manipulation 
behavior. The relationships of the optimal incentive coef-
ficients *

1β  and *
2β  to the punishment coefficient d are 

shown in Figure 5.

Figure 5. Relationships between punishment coefficient and 
optimal incentive coefficients
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4.1. Influence of the input of the private sector on 
the optimal incentive coefficients

In Equations (13) and (14), it is assumed that c  = 0.5, 
k = 0.7, d = 0.7, d1 = 0.925, l = 0.8, τ = 0.5, s = 0.2 and 
g = 0.8. The influence of the input θ1 and θ2 of the private 
sector in two performance assessment cycles on the opti-
mal incentive coefficients *

1β  and *
2β  is analyzed in two 

conditions. For convenience, *β  and θ indicate the set of 
optimal incentive coefficients and inputs, i.e. { }* * *

1 2,β = β β    
and { }1 2,θ = θ θ .

4.1.1. The input of the private sector in two cycles is the 
same

The input of the private sector in the two cycles is the same 
level, that is 1 2θ = θ = θ . The values of other parameters 
are substituted into Equations (13) and (14). According to 

*
10 1< β <  and *

20 1< β < , it can be known that θ is valued 
within the range of [0.7028,1], and the relationships of θ 
and *

1β , *
2 β  are shown in Figure 6.

As Figure 6 shown, when the input of the private sec-
tor in different cycles are the same, * *

2 1β > β  . The optimal 
incentive coefficient *

1β  of the first cycle is directly propor-
tional to the input θ; and the optimal incentive coefficient 
*
2β  of the second cycle has no apparent correlation with 

the input θ.

Figure 6. Relationship of input and optimal incentive 
coefficient when the input is the same in two cycles

θ = θ1 = θ2

*
1β
*
2β

* β

4.1.2. The inputs in two cycles are different

The inputs of the private sector in the two cycles are 
different, that is 1 2θ ≠ θ . The values of all parameters 
are substituted into Equations (13) and (14). According 
to *

10 1< β <  and *
20 1< β < , the values of θ1 and θ2 are 

shown in Table 3. To visualize the influence of the change 
in θ1 and θ2, the results are represented in Figure 7.

As Figure 7 showing, the input θ1>θ2 and the opti-
mal incentive coefficient * *

2 1β > β   .When the input θ2 
of the private sector in the second cycle of is fixed, the 
optimal incentive coefficient *

1β  is directly proportional 
to the input θ1 in the first cycle. The optimal incentive 

Table 3. Values of inputs in different cycles

θ2 θ1
*
1β *

2β

0.1 0.2074,1  
*
10 1<β < *

20 1<β <

0.2 0.2537,1  
*
10 1<β < *

20 1<β <

0.3 0.3783,1  
*
10 1<β < *

20 1<β <

0.4 0.5003,1  
*
10 1<β < *

20 1<β <

0.5 0.6189,1  
*
10 1<β < *

20 1<β <

0.6 0.7337,1  
*
10 1<β < *

20 1<β <

0.7 0.8441,1  
*
10 1<β < *

20 1<β <

0.8 0.9499,1  
*
10 1<β < *

20 1<β <

coefficient *
2β  in the second cycle is inversely proportional 

to the input θ1. But when the input θ2 is greater than or 
equal to 0.5, there is no correlation between the optimal 
incentive coefficient *

2β  and input θ1.
It can be seen that the input of private sector in the 

first performance assessment cycle is greater than or equal 
to its input in the second cycle. When the input is con-
sidered only, the optimal incentive coefficient in the first 
cycle is always smaller than it in the second cycle; the 
optimal incentive coefficient in the first cycle is directly 
proportional to the input; and the optimal incentive co-
efficient in the second cycle is inversely proportional to 
the input. In the last cycle, the private sector will reduce 
its input as there is no further performance constraint. 
Therefore, the government should increase incentives to 
motivate the private sector increase the input. However, 
the incentive effect will be ineffective when the input in-
creases to 0.5. In order to reduce the risk of residual value 
of PPP projects, the government should strengthen the su-
pervision and control of the last performance assessment 
cycle of the franchise period.

4.2. Influence of the probability that the 
government finds the real performance level and 
the performance adjustment coefficient on the 
optimal incentive coefficients

In Equations (13) and (14), it is assumed that θ1 = 0.7, θ2 = 
0.4, c = 0.5, k = 0.7, d1 = 0.925, d = 0.7, τ = 0.5 and s = 0.2. 
Because *

10 1< β <  and *
20 1< β < , the g and the l are val-

ued within the ranges of [0.472,1] and [0.3755,0.9], re-
spectively. Therefore, the relations of the probability g and 
the performance adjustment coefficient l on the optimal 
incentive coefficients *

1β  and *
2β  is shown in Figure 8. It 

can be observed that when the given parameters is valued, 
there is always * *

1 2β < β  . Based on the joint influence of the 
probability g and the performance adjustment coefficient l, 
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Figure 7. The effects of different inputs on optimal incentive coefficients
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*
1β

*
2β

gd

the optimal incentive coefficient *
1β  in the first cycle is in-

creasing with the change of both parameters. The optimal 
incentive coefficient *

2β  in the second cycle is inversely 
proportional to the probability g, and with no obvious 
correlation with the performance adjustment coefficient l.

From the analysis above, it can be known that under 
the joint influence of the probability that the government 
finds the real performance level and the performance ad-
justment coefficient, the optimal incentive coefficient in 
the first performance assessment cycle is less than that in 
the second cycle. An increase in probability implies an in-
crease in the degree of the penalty imposed on the private 
sector. An increase in the performance adjustment coeffi-
cient implies an increase in the government’s performance 
target, followed by a profit decrease for the private sector. 
Therefore, due to the role of reputation and ratchet effects 
the first cycle, the private sector will actively make efforts 
to meet the primary benefits and improve the income of 
future performance cycles even if the government does 
not pay too much incentive. However, the reputation and 
ratchet effects fail in the second cycle, and the govern-
ment should increase the incentive strength to ensure the 
reasonable income of the private sector.

4.3. Influence of the probability that the 
government finds the real performance level and 
the punishment coefficient on the optimal incentive 
coefficients

It is assumed that θ1 = 0.7, θ2 = 0.4, c = 0.5, k = 0.7, d1 = 
0.925, l  = 0.8, τ  = 0.5 and s  = 0.2, and they are substi-
tuted into Equations (13) and (14). As *

10 1< β <  and 
*
20 1< β < , the g and d are valued within the range of 

[0.6,1] and [0.4383,1], respectively. The relationships of 
g and d between the *

1β  and *
2β  are shown in Figure 9. 

It can be observed that when the given parameters are 
valued, there is always * *

1 2β < β  . Under the joint influence 
of the probability g and the punishment coefficient d, the 
optimal incentive coefficients *

1β  and *
2β  in the two cycles 

are increasing with the raising of the two parameters.

From the analysis above, it can be known that under 
the common influence of the probability that the govern-
ment finds the real performance level and the punish-
ment coefficient, the optimal incentive coefficient in the 
first performance assessment cycle is less than that in the 
second cycle.

An increase in probability implies an increase in the 
degree of the penalty imposed on the private sector. To re-
duce the adverse effects of the ratchet effect, governments 
need to increase penalties while increasing incentives. 
However, the reputation and ratchet effects fail in the sec-
ond cycle. The private sector will reduce the enthusiasm 
of its efforts and even reduce the performance level as it 
cannot obtain adequate income. Therefore, the govern-
ment should increase the incentive strength to ensure the 
reasonable income of the private sector and improve the 
social benefits of the infrastructure PPP project.

4.4. Influence of bargaining power of the private 
sector and the performance adjustment coefficient 
with the optimal incentive coefficients

It is assumed that θ1 = 0.7, θ2 = 0.4, c = 0.5, k = 0.7, d1 = 
0.925, g = 0.8, τ = 0.5 and d = 0.7, and they are substituted 
into Equations (13) and (14). As *

10 1< β <  and *
20 1< β < , 

the s and l are valued within the range of [0,0.5324] and 
[0.5,1], respectively. Therefore, the influence effects of the 
bargaining power s of the private sector and the perfor-
mance adjustment coefficient l on the optimal incentive 
coefficients *

1β  and *
2β  are shown in Figure 10. It can be 

seen that when the given parameters are valued, there is 
always * *

1 2β < β  . Under the joint influence of the bargain-
ing power and the performance adjustment coefficient, 
the optimal incentive coefficient *

1β  is increasing with the 
raising of the s and l. The optimal incentive coefficient 
*
2β  in the second cycle has no apparent correlation to the 

change of the s and l.
From the analysis above, it can be known that the bar-

gaining power is directly proportional to the reputation 
of the private sector. A larger performance adjustment 

* β

gl

*
1β

*
2β

Figure 8. The influence of the probability of true performance 
level found by the public and performance adjust coefficient on 

optimal incentive coefficients

* β

Figure 9. The effects of true performance level found by the 
public sector and punishment coefficient on optimal incentive 

coefficients
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coefficient implies a larger performance target set by the 
government and a subsequent reduction in profit for the 
private sector. In the first performance assessment cycle, 
due to the effect of reputation and ratchet effects, the pri-
vate sector will actively make efforts to improve the project 
performance while meeting the basic benefits even if the 
government does not pay too much incentive. However, 
the reputation and ratchet effects fail in the second cycle. 
The government should increase the incentive strength to 
ensure the social benefits of the project. For the govern-
ment, an effective method should be taken to measure 
the infrastructure output of social benefits and the input 
of the private sector, and determinate the incentive costs 
of the public sector. And the public sector should set the 
performance adjustment coefficient at a sound level in the 
first cycle, which will supervise the effort level of the pri-
vate sector.

4.5. Comparative analysis

In order To illustrate the feasibility of this model, the 
model of considering only reputation effect and the model 
of considering reputation and ratchet effects simultane-
ously are compared in this section. When the influence 
of reputation effect is considered only, there is no per-
formance manipulation behavior; the effort level of the 
private sector and the optimal incentive coefficient of the 
government are considered only. When the reputation ef-
fect is considered only, the optimal effort level of the pri-
vate sector in the second performance assessment cycle is 
(Li et al., 2020b):

2 2*
2

k
e

c

β θ
= ,  (15)

the optimal effort level of the private sector in the first 
cycle is (Li et al., 2020b):

1 1 1
1

k s k
e

c
∗ β θ + τδ θ
= .

 
(16)

The optimal incentive coefficients of the two cycles (Li 
et al., 2020b) are:

*
2β

* β

s l

Figure 10. The effects of bargaining power and performance 
adjust coefficient on optimal incentive coefficients

( ) 2 2
1 0*

1 2 2
1

1 2

2

s k c

k

− τδ θ + π
β =

θ
, (17)

2 2
2 0*

2 2 2
22

k c

k

θ + π
β =

θ
.  (18)

For convenience, the multi-period dynamic incentive 
mechanism model under the performance-based reputa-
tion effect is referred to as “Model one”; and the multi-
period dynamic incentive mechanism model under cou-
pling effect performance-based reputation and ratchet is 
referred to as “Model two”.

It can be seen from Equations (17) and (18) that the 
variation of the bargaining power s in Model one is only 
related to the optimal incentive coefficient *

1β  in the first 
cycle, and does not correlate with the optimal incentive 
coefficient *

2β . In Model two, the main parameters of the 
bargaining power s, the performance adjustment coeffi-
cient l, the probability g that the government finds the real 
performance level, and the punishment coefficient d are 
only related to the optimal incentive coefficient *

1β , and 
have no obvious correlation with the incentive coefficient 

*
2β . Therefore, the variation trends of the optimal incen-

tive coefficients *
1β  and *

1β  of the two models in the first 
cycle under the influence of the parameters are analyzed 
in steps.

Step 1: Assign values to the parameters in the two 
models, and let θ1 = 0.7, θ2 = 0.4, c = 0.5, k = 0.7, d1 = d = 
0.925, τ = 0.5 and p0 = 0.6, respectively.

Step 2: Analyze the variation trends of the optimal in-
centive coefficients *

1β  and *
1β  in the two models under 

the influence of the bargaining power s, the performance 
adjustment coefficient l, the probability g, and the punish-
ment coefficient d.

4.5.1. Influences of bargaining power and performance 
adjustment coefficient on *

1β  and *
1β

In the first step, the values of all parameters are substi-
tuted into the Equations (11), (13) and (14), respectively. 
According to *

10 1< β < , *
10 1 < β < and *

20 1< β < , the s  
and l are valued within the range of [0.2697,0.5324] and 
[0.5,1], respectively. The variations of *

1β  and *
1  β under 

the joint influence s and l are shown in Figure 11. It can 
be seen that when the values of other influencing param-
eters are determined, there is always * *

1 2β < β  under joint 
influence of s and l. The *

1β  and *
1β  are decreasing with 

the increasing of barging power s; *
1β  is increasing with 

the raising of performance adjustment coefficient l; and 
the *

1β  is in the trend of increasing under the joint effect 
of s and l.

In conclusion, the optimal incentive coefficients *
1β  

and *
1β  are influenced by the bargaining power of the 

private sector. The *
1β  is also influenced by the perfor-

mance adjustment coefficient. In the first performance 
assessment cycle, the optimal incentive coefficient in 
Model one is only affected by the reputation effect, some 
parts of incentives are replaced with the reputation, and 

*
1β
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the incentive cost of the government can be reduced. For 
Model two, the optimal incentive coefficient is influenced 
by reputation and ratchet effects. The optimal incentive 
coefficient *

1β  under the influences of bargaining power 
and performance adjustment coefficient is increasing. The 
increasing performance adjustment coefficient would en-
hance the ratchet effects, and probably stronger than the 
reputation effect. Under the influence of the coupling of 
reputation and ratchet effects, the ratchet effect weakens 
the reputation effect. If the government raises perfor-
mance targets through performance adjustment factors, 
the government should increase incentives to achieve the 
expected goals. So the public sector should make the per-
formance adjustment coefficient at a sound level.

4.5.2. Influence of bargaining power and probability 
that the government finds real performance level on *

1β  
and *

1β

The values assigned to each parameter in the first step 
are substituted into Equations (11), (13) and (14), respec-
tively. According to *

10 1< β < , *
10 1< β <

 and *
20 1< β < , 

the s and g are valued within the range of [0.2697,1] and 
[0.6058,1], respectively. The variation of *

1β  and *
1β under 

the joint influence of the bargaining power s and the prob-
ability g is shown in Figure 12. It can be seen that there is 
always * *

1 1β < β . When the values of other parameters are 
determined, 

*
1β and *

1β  would reduce with the increasing 
of s; 

*
1β  would increasing with the raising of g. Also, the 

*
1β  is in the trend of decrease under the joint influence 

of the bargaining power s and the probability g. As the 
influence of the ratchet effect on incentive coefficient is no 
considered in Model one, there is no correlation between 
the *

1β  and g.
From the analysis above, it can be known that the op-

timal incentive coefficients *
1β  and *

1β  are influenced by 
the bargaining power of the private sector. The *

1β  is also 
influenced by probability g. The optimal incentive coef-
ficient *

1β  under the joint influence of the s and g is in 
the trend of decrease. For Model one, in the first cycle, 

the optimal incentive coefficient is only affected by the 
reputation effect. A part of the incentive effect is replaced 
with the reputation, which reduced the incentive cost of 
the government. For Model two, the optimal incentive 
coefficient under the influence of bargaining power and 
probability. Under the influence of coupled reputation and 
ratchet effects, the reputation effect is stronger because it 
weakens the ratchet effect, which effectively reduces the 
government’s incentive costs in the incentive process.

4.5.3. Influence of bargaining power and punishment 
coefficient on *

1β  and *
1β

The values assigned to each parameter in the first step are 
substituted into Equations (11), (13) and (14). According 
to *

10 1< β < , *
10 1 < β < and *

20 1< β < , the s and d are val-
ued within the range of [0.2697,0.6641] and [0,1], respec-
tively. The variation of the optimal incentive coefficients 
*
1β  and *

1β  under the joint influence of s and d is shown 
in Figure 13. It can be seen that there is always * *

1 1β < β . 
When the values of other parameters are determined, the 
optimal incentive coefficients *

1β  and *
1β are decreasing 

*
1β

*
2β

s l

Figure 11. The comparative relationship between two optimal 
incentive coefficients with the effects of bargaining power and 

performance adjust coefficient

*
1β

*
2β

gs

β*β*

Figure 12. The comparative relationship between optimal 
incentive coefficients and the bargaining power and the 

probability that the government finds real performance level

Figure 13. Comparative relationships between optimal 
incentive coefficients of the two and bargaining power and 

punishment coefficient

*
1β

*
2β

s d

β*
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with the raising of s. The optimal incentive coefficient *
1β  

is increasing with the raising of d. In Model two, under the 
joint influence of s and d, the optimal incentive coefficient 
*
1β  is in the trend of increase first and then decrease. In 

Model one, there is no ratchet effect, so *
1β  is no related 

with d.
These results show that the optimal incentive coeffi-

cients *
1β  and *

1β  are influenced by the bargaining power. 
The optimal incentive coefficient *

1β  is also influenced by 
the punishment coefficient. In Model two, under the joint 
influence of bargaining power and punishment coefficient, 
the optimal incentive coefficient *

1β  is in the trend of de-
crease first and then increase. In the first performance as-
sessment cycle, the bargaining power of the private sector 
is directly proportional to the reputation. A part of the in-
centive effect is replaced with the reputation effect, which 
reduces the incentive cost of the government. For Model 
two, when the bargaining power and the punishment co-
efficient are small, the reputation effect is stronger, so the 
incentive should be reduced. When the bargaining power 
and the punishment coefficient are gradually increasing, 
the ratchet effect will weaken the reputation effect. In or-
der to prevent the incentive incompatibility caused by the 
ratchet effect, the government should increase the incen-
tive while increasing the punishment to achieve the “dis-
tinguish clearly between reward and punishment”.

4.6. Management implication

There are some implications to the public sector from 
following aspects. (1) The income of the private sector is 
divided into fixed income and performance-based income 
(variable income), where the fixed income is determined 
by the performance output and reputation of the previ-
ous cycles, and the performance-based income (variable 
income) of the private sector is affected by the coefficient 
of social benefit output. Under information asymmetry 
between the government and the private sector, the gov-
ernment should take an effective method to measure the 
infrastructure output of social benefits and the input of 
the private sector, which would help to reduce the incen-
tive costs of the public sector. In other words, the exist-
ence of the reputation effect would reduce the incentive 
cost of the government and realizes Pareto improvement. 
(2) In the first cycle, due to the existence of ratchet ef-
fect, the higher performance adjustment coefficient set by 
the government will reduce the effort level of the private 
sector. So the public sector should set the performance 
adjustment coefficient at a sound level, which would rise 
slowly. (3) The manipulation degree of the private sector 
is negatively correlated with the probability that the gov-
ernment finds the real performance level, the bargaining 
power of the private sector and the punishment coefficient 
set by the government. To prevent the adverse effects of 
the ratchet effect, the government needs to increase regu-
lation and penalties and amplify the impact of the reputa-
tion effect. This would achieve incentive compatibility and 
prevent “whip the fast and hard-working”.

Conclusions

The performance-based payment PPP model is widely 
used in infrastructure projects. The existing research only 
consider the performance-based reputation mechanisms, 
but the ratchet effect generated by performance-based 
incentives has been neglected. The major innovation is 
that to complete the design of performance-based incen-
tives mechanisms, this study constructed multi-period 
dynamic incentive mechanism model based on coupling 
with the performance-based reputation effect and ratchet 
effect. And the optimal effort level and deflated perfor-
mance manipulation degrees for private sector and op-
timal incentive coefficients were analyzed, respectively. 
Finally, the results of the model are discussed through 
numerical simulation.

The results of this study are as follows: (1) Due to 
the reputation effect in the first performance assessment 
cycle, the private sector will make active efforts to im-
prove performance to improve the income of the future 
cycles even if the expected target performance set by the 
government is relatively rising; (2) Under the coupling 
of reputation and ratchet effects, the optimal incentive 
coefficient in the last performance assessment cycle is al-
ways greater than that of the first cycle. On the one hand, 
the reputation and ratchet effects fail in the last cycle, 
and the performance adjustment coefficient, bargaining 
power, probability punishment coefficient all affect the 
incentive coefficient; On the other hand, in the first cy-
cle, the parameters related to the ratchet effect (including 
the performance adjustment coefficient, the probability, 
the punishment coefficient) are positively correlated 
with the optimal incentive coefficient; (3) With the cou-
pling case of reputation and ratchet effects, the optimal 
incentive coefficient will vary with different stimulat-
ing parameters worked for the design of the incentives 
performance-based incentives mechanisms; (4) Bargain-
ing power for the private sector has a negative influence 
on the optimal incentive coefficient. These show that if 
the government wants to improve performance stand-
ards and prevent the occurrence of the ratchet effect in 
the multi-period dynamic incentive model, it should 
strengthen the regulation to increase the probability of 
finding the real performance of the private sector, and 
the intensity of punishment. Moreover, more significant 
incentives are also needed to be given to the private sec-
tor to work towards the rising performance standards.

The coupling effect of reputation and ratchet deter-
mines the incentive policy. Firstly, from the coupling 
effect of bargaining power and performance regulation 
coefficient, because of the ratchet effect, if the govern-
ment wants to improve performance targets through 
performance adjustment coefficients, it needs to in-
crease incentives. Secondly, from the coupling effect of 
the bargaining power and the probability, the govern-
ment needs to increase incentives to achieve “reward 
and punish”. The principal reason is that the optimal in-
centive coefficients will increase with the raising of the 
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two parameters and shows an overall increasing trend. 
The greater the probability is, the greater the penalty 
imposed by the government on the private sector is. 
And the bargaining power representing the reputation 
mechanism (implicit incentive) can replace part of the 
incentive effect (explicit incentive). Thirdly, from the 
coupling effect of the bargaining power and punish-
ment coefficient, to prevent the incentive incompatibil-
ity caused by the ratchet effect, the government should 
increase the incentive while increasing the punishment 
to achieve the “penalties and rewards”.

There are some limitations associated with this study. 
The coupling effect of reputation and ratchet effects in 
a multi-period dynamic incentive model is a complex-
ity problem, which is jointly influenced by some param-
eters. These parameters should be discussed in a more 
multidimensional space. As the social output coefficient 
and degree of performance manipulation are difficult to 
quantify using existing studies, data could be collected in 
real life projects, the law of incentives could be written 
into specific contractual clauses. The results obtained in 
this study provide a new theoretical reference for the sus-
tainability development of cooperation between govern-
ment and private sector. By analyzing the internal impact 
of the coupling effect both of reputation and ratchet on 
payment from government, it can provide a reference for 
the decision-making of government and private sector in 
PPP projects. However, the research on the performance-
based mechanism is still improving. At present, there is 
no complete system to measure the incentive coefficient 
of participants. At the same time, the game is a dynamic 
process, which means that the performance and strategy 
of the government and private sector are changing in the 
process of cooperation. Therefore, the research on these 
is the future research direction. A couple of simulations 
based on a practical case are worked out, and some results 
can be obtained from the process of simulations, which 
can provide certain theoretical reference for government.
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Appendix 1

(1) The proof of Equation (10)
According to incentive compatibility constraints (IC1) 

and (IC2), the private sector will select the optimal ef-
fort level in the second performance assessment cycle, to 
maximize the utility function of the performance. It can 
be realized by taking the first derivative of the effort level 
2e  in the utility function 2PΦ  and setting it to 0. Because

( ) ( ) ( )

( ) ( )
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2 2 2
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2 2 2
2 2 1 1 1

1
2
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2 2
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ρ + θ − σ − − γ β ∆π 
 

 









,

by taking the first derivative of 2e  and 2∆π  in the formula 
above and setting it to 0, it can be obtained that:

2
2 2 2
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=β θ − =
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

,

( ) 2 21 0d− − γ β − γ ∆π = .

By solving the formula above and according to 
2 0∆π ≥ , the optimal effort level and performance ma-

nipulation degree of the private sector in the second per-
formance assessment cycle are obtained, respectively.

(2) The proof of Equations (11) and (12)
According to incentive compatibility constraints (IC3) 

and (IC4), the private sector who wants to select the op-
timal effort level in the first cycle needs to maximize the 
sum of its profit function in the two cycles. It can be ob-
tained by taking the first derivative of the effort level 1e  

in the profit function 1 1 2P PΦ + δ Φ   and setting it to 0. 
Because
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It is taken the first derivatives of the 1e  and 1∆π  in the 
formula above and setting them to 0, respectively, that is

{ }1 1 2
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Thus, the optimal effort level and performance ma-
nipulation degree of the private sector in the first cycle 
can be obtained.

(3) The proof of Equations (13) and (14)
According to the incentive mechanism model (Equa-

tion 9), on the basis of satisfying the participation 
constraint (IR) and incentive compatibility constraints 
(IC1)--(IC4), the optimal incentive coefficients in the two 
performance assessment cycles should maximize the to-
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tal utility of the government (public sector) in the two 
cycles, namely { }
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the following formulas are obtained:
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By taking the first derivative of the incentive coef-
ficients 1β  and 2β  in the formula above and setting it 
to 0, the results in Equations (13) and (14) are obtained.


