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Abstract. Performance-based payment mechanism is one of the key issues to ensure all stakeholders’ benefits
in infrastructure Public-Private Partnership (PPP) projects. However, most existing research on performance-
based payment with a fixed incentive coefficient can't play a good incentive role. This study aims to the intrin-
sic mechanism between the performance appraisal score and the performance-based payment structure, so
as to design the dynamic performance-based payment mechanism for infrastructure PPP projects. Firstly, the
multi-objective optimal method is used to calculate the unit-payment. Second, principal-agent theory is used
to construct the performance-based payment model with a changeable incentive coefficient. The findings of
this study show that, the performance-based payment mechanism can effectively motivate participants to
provide high-quality and efficient services, because their remuneration directly depends on their performance.
When the outcome does not meet expectations, the amount paid can be adjusted accordingly, thus ensuring
the maximum protection of public resources as well as the private sector’s profits. They serve a dual purpose,
on one hand, they offer insights to rectify the shortcomings in the current unsatisfactory payment structure.
On the other hand, the study provides a theoretical reference for the public sector to effectively incentivize

the private sector in enhancing project performance.
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1. Introduction

In recent decades, the externalization of infrastructure and
public services by the government has significantly in-
creased with the rapid development of Public-Private Part-
nership (PPP) projects (Grout, 1997; Hodge & Greve, 2007;
Levidkangas et al., 2018; Narbaey, 2022). Within PPP proj-
ects, the public sector enters agency agreements with the
private sector to procure infrastructure and public services
over several years or even decades, contingent upon the
fulfillment of specific performance conditions by the pri-
vate sector (Grout, 1997). The payment mechanism stands
as the central provision for government payment based
on the private sector's performance level. Simultaneously,
it plays a crucial role in attracting private sector participa-
tion in projects and ensuring profitability (Li et al.,, 2022).
More specifically, the public sector remunerates for servic-
es (Yescombe, 2007), typically spanning 20-35 years from
the private finance initiative (PFl) contract. Payments from
the public sector, aligned with the contractual provisions,
offer financial security to the private sector (European PPP

Expertise Centre, 2012). Consequently, an effective pay-
ment mechanism is indispensable for both the public and
private sectors to ensure the success of the contract.
While increased attention has been devoted to the de-
sign of payment mechanisms, the predominant approach
comprises a combination of fixed and performance pay-
ments (Sharma, 2012; Shi et al., 2020; Su et al., 2023, 2024).
The fixed payment remains constant over a brief period,
independent of performance, whereas the performance
payment is contingent upon the level of provided public
services (Shi et al., 2020; Shang & Aziz, 2020). In essence,
the prevailing payment structure in most infrastructure
PPP projects integrates fixed payments with performance
payments (Shen et al, 2014), typically characterized by a
fluctuating incentive or subsidy coefficient (Li et al., 2022;
Su et al., 2023). Given the profit-driven nature of the pri-
vate sector, a performance payment structure featuring an
unalterable incentive or subsidy coefficient may not ef-
fectively enhance performance. In cases where the private
sector receives limited income despite increased efforts in
project operation and maintenance (Li et al., 2020, 2022),
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a fixed incentive or subsidy coefficient could hinder per-
formance improvement.

The general payment curve of the Australian Defense
Contract standard (ASDEFCON) series contract template
(Jacopino, 2018) is instrumental in addressing performance
payment with the same incentive or subsidy coefficient.
This framework encompasses three primary types of pay-
ment curves: all or none payment curves, linear payment
curves, and non-linear payment curves. Each type possess-
es distinctive features. The first type, all or none payment
curves, introduces varying degrees of risk for all parties
engaged in PPP projects. In this context, the private sector
is entitled to receive will get all of the entire performance
payment once it attains the performance level stipulated
by the contract. Conversely, the basic cost becomes irre-
coverable should the private sector fail to meet the con-
tract requirements. This circumstance prompts the private
sector to potentially prioritize immediate performance over
the long-term benefits of the projects (Su et al., 2024).
Consequently, the risk to the public sector is elevated.

In comparison, the linear payment curves determine
varying performance payments based on the different per-
formance level (Shi et al.,, 2020; Shang & Aziz, 2020). While
this approach mitigates risks to the public sector, it exhib-
its shortcomings as the linear payment curves lack tailored
specifically to different performance levels. Consequently,
the different payments to the private sector become chal-
lenging, and the unchangeable incentive or subsidy coef-
ficient within such curves fails to effectively stimulate the
private sector towards achieving higher performance level.
Consequently, the type of non-linear payment curves is
very effective to overcome the insufficiencies of the other
two types payment curves (Feng et al., 2023). With the
non-linear payment curves, when the performance level is
higher, the private sector will have to expend more efforts
to reach it, and the public sector will thus have to com-
pensate them with a higher payment (Jacopino, 2018). The
risks to both parties are therefore minimized.

From the existing literatures, research has seldom con-
centrated on the performance-based payment structure
involving a changeable incentive or subsidy coefficient, re-
sulting in two consequences: (1) Excessive incentives may
occur in the initial stage of operation and maintenance.
Specifically, the private sector can obtain high profits with
a relatively low performance appraisal score; (2) Incentive
deficiency may manifest over the extended concession
period (Li et al.,, 2022). In other word, the private may not
obtain effective incentives throughout the entire lifecy-
cle of the projects. Therefore, this study aims to enhance
the performance-based payment structure based on the
aforementioned non-linear payment curves. The payment
structure in this study comprises two components: fixed
payment and performance payment, with the latter char-
acterized by non-linear payment curves.

The objective of this study is to answer the follow-
ing research questions: (1) How to characterize the differ-
ent payment with varying performance appraisal scores
for the private sector? and (2) How to design a dynamic
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performance-based payment mechanism with a change-
able performance payment for infrastructure PPP projects?
To tackle the first question, a new term, unit-payment, is
introduced, with its detailed description in this study re-
ferring to the government payment for each performance
appraisal score obtained by private sectors at different
performance levels.

Specifically, the primary innovations of this study con-
sists of two points in the performance-based payment
mechanism.

(1) A stepped-payment structure with distinct payment
curves is developed, in which the payment from the pub-
lic sector varies with the performance appraisal score of
the private sector across different performance levels. This
payment structure not only facilitates the equitable distri-
bution of benefits among all parties, but also enables the
fair allocation of risks in PPP projects.

(2) An optimal unit-payment model is formulated to
characterize performance-based payments. This model
serves as a theoretical reference for the public sector, pro-
viding guidance to encourage the private sector to actively
enhance their performance level.

The remainder of this study is organized as follows:
Section 2 presents a comprehensive review, encompassing
research on payment mechanisms and the performance-
based payment structure for PPP projects. Section 3 out-
lines the methodology for constructing the performance-
based payment model. Section 4 presents a numerical
simulation analysis of the model results, with discussions
and implications presented in Section 5. Finally, Section 6
offers the conclusions of this study.

2. Literature reviews

Infrastructure has emerged as a significant factor in gaug-
ing national economic progress and social benefits, often
financed through government subsidies, private invest-
ment, and PPP. Nevertheless, PPP have generated consid-
erable public attentions due to their reduced profitability
and intricate operational requirements (Ma et al., 2023),
and suitable payment models make up for this very well
(Shang & Aziz, 2020).

Availability payment projects are typical in PPP pro-
jects, and the payment depends on the assets or service
availability of infrastructure projects throughout the con-
cession period (Giglio & Friar, 2017; Sharma & Cui, 2012).
Strategic management is crucial for significant infrastruc-
ture PPP projects, characterized by heavy and irreversible
investments over long periods (Zhang et al.,, 2020). In in-
stances where infrastructure or services are inaccessible or
fail to meet stipulated output criteria in terms of unavail-
able or their quality, safety and service levels, the govern-
ment reserves the right to reduce the payment paid to
the private sector. And the payment types for availability
payment will reflect the government’s goal of adopting the
PPP mode (Aziz & Abdelhalim, 2017).



Recently, many scholars have paid more attention to
the research on payment mechanisms. Wu et al. (2013)
constructed a game model between the public and private
sectors, formulating an optimal compensation mechanism
by incorporating the concepts of incentive and the induc-
tion mechanism of Stackelberg game. Employing multi-
cases comparison approach, Aziz and Abdelhalim (2017)
examined payment mechanism structures through an
analysis of the implementation of availability payment
projects on expressways in the United States and Canada.
These encompassed maximum availability payments, per-
formance deductions, and other (incentive) payments. Dai
et al. (2018) proposed a principal-agent model that con-
sidered pollution tax and the incentive mechanism, which
can be used to resolve the conflict of interest between the
government and enterprises in water pollution control pro-
jects. This study demonstrated that incentive policies and
pollution taxes positively influence enterprises in reducing
water pollution, with an illustrative example validating the
effectiveness of the model. Employing the traditional prin-
cipal-agent model, Wang et al. (2018) established an op-
timal incentive mechanism for infrastructure projects. This
involved integrating reciprocal preference theory and ana-
lyzing risk sharing. This showed that the government can
use reciprocal preference to encourage investors to make
more effort, mitigating moral hazards in the collaborative
process. Drawing on agency theory, Solifio and Albornoz
(2021) developed a payment mechanism for transport PPP
projects, which combined fixed payment to the contrac-
tor, service-based payment, and payment according to the
number of users, offering a comprehensive approach to
aligning incentives and compensations in the context of
transport PPP projects. Su et al. (2024) constructed the
multi-stage dynamic programming model to design the
payment model for the public sector in whole operation
and maintenance period. Furthermore, through construct-
ing an optimal proportion of the performance-based pay-
ment in the total payment, Su et al. (2023) designed a
performance-based payment structure for infrastructure
PPP project.

Summarizing the existing research, prevailing payment
structures exhibit a predominantly hybrid nature, mostly
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comprising multiple components. Also, the majority of ex-
isting studies has concentrated on how to guarantee the
fundamental interests of both public and private sectors.
Essentially, payment mechanisms are designed to incentiv-
ize the private sector to maximize the social benefits of a
project, concurrently enabling it to attain its anticipated
income and judiciously distribute risks (Ding & Li, 2020).
Furthermore, they seek to curb speculative activities within
the private sector while concurrently enhancing the per-
formance level of projects (An et al., 2018; Liu et al., 2016).

The majority of performance-based payment structures
typically comprise a fixed payment and a performance
payment (Liu et al., 2016; Luo et al,, 2016). The fixed pay-
ment remains constant in the short term, while the perfor-
mance payment is subject to adjustments in the long term.
Modifications to the performance payment are often due
to changes in the incentive or subsidy coefficients.

For a constant incentive or subsidy coefficient through-
out the entire concession period of infrastructure PPP pro-
jects, the performance payment may not effectively incen-
tivize the private sector or serve the needs of the public
sector. As mentioned above, according to the Australian
Defense Contract standard (ASDEFCON) series of contract
templates used by the Australian Department of defense
(Jacopino, 2018), three types of performance-based pay-
ment curves are identified: all or none payment curve,
linear payment curve, and non-linear payment curve, as
illustrated in Figures 1-3. Each payment curve exhibits
unique characteristics. Specifically, the all or none payment
curve entails the entirety of the performance payment be-
ing either awarded or deducted based on the stipulated
performance requirements in the contract. In the case of
the linear payment curve, the performance payment from
the government increases or decreases linearly. Using the
principal agent theory, Li et al. (2022) established a multi-
period dynamic incentive mechanism, in which the perfor-
mance payment is linear and varies with different incentive
coefficients during different performance appraisal peri-
ods. Additionally, Lv et al. (2022) proposed a credit-based
demand side incentive mechanism, incorporating identical
coefficients for load reduction-related and credit-related
prices in the compensation structure, respectively.
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Figure 1. All or none payment curves
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Figure 3. Non-linear payment curves

In recent literature on PPP projects, the predominant
focus of existing studies has centered on performance pay-
ments throughout the entire operation and maintenance
period. Nevertheless, different performance appraisal
scores are essential to evaluate distinct levels of effort ex-
erted by the private sector within the same operation and
maintenance period. Unfortunately, there has been a nota-
ble neglect of the dynamic adjustments of contracts during
the concession period for infrastructure PPP projects.

3. Methodology

The essence of PPP projects lies in harnessing advanced
management and governance strategies from the private

sector through collaborative efforts with the public sector.
This collaboration aims to deliver high-quality products or
efficient services to the public sector, thereby maximize
social benefits. The private sector, in turn, can receive
profit from government payment. In the context of infra-
structure PPP projects, the main force driving the private
sector to participate in projects is the prospect of obtain-
ing a relatively stable profit through the establishment of a
long-term cooperative relationship with the public sector.
Also, a central concern in this context is the design of the
payment mechanism. This section elaborates on the devel-
opment of a rational payment mechanism to enhance the
payment contract. And the general theoretical framework
is illustrated in Figure 4.

Subsection 3.1
Problem description :> ’ Performance-based payment structure |
v v
Subsection 3.2 -
: . Performance-based Additional efforts
Static performance — :> Basic payment -+ ayment Constant anit payment
based payment model <« paymel under different
Minimum performance level
performance
Constant Adjustment
L e |
Subsection 3.3 | |
. ! . Adjust performance- | i
Dynamic performance — > Basic payment =+ Jbaselc)l ayment <ﬂ—;paymce':i"“:§:,lz:’;}:m
based payment model : pay] } level
Step 1: Dividing Unit-payment model Step 2: Calculating unit
performance level Subsection 2.3(2) payment

Figure 4. The general theoretical framework



3.1. Problem description for the design of the
payment mechanism

Throughout the entire concession period of infrastructure
PPP projects, the payment structure includes both the
basic payment and the performance-based payment at
each performance appraisal stage. Specifically, the basic
payment is the payment given by the government to off-
set the private sector’s basic cost, ensuring the minimum
performance level in each performance appraisal stage.
Conversely, the performance-based payment from the
government is contingent upon the performance appraisal
score and the performance grade level in the correspond-
ing performance appraisal stage.

In general, there exist five performance grade levels:
minimum low, low, medium, good, and excellent, as de-
picted in Figure 5. The horizontal axis represents the per-
formance appraisal score of the private sector, and the
vertical axis represents the total government payment.

In Figure 5, the performance appraisal score within
the interval (Q4, Q,] corresponds to the low perfor-
mance level, and the payment from the government is
represented as the difference between M; and M,, i.e.
M;-M,. Here, the low performance level indicates that
the performance appraisal score reaches Q,, and its cor-
responding basic payment from government is M,. The
intervals (Q,, Qsl, (Q3, Q] and (Qg4 Qs] are the medium,
good, and excellent performance levels, respectively, and
their corresponding payments are M,-M;, M3—M,, and
M,—Mjs. In this way, the stepped-payment structure is
formed. Furthermore, within different performance lev-
els, the government payment varies in accordance with
the appraisal score according to the different curves. In
essence, the performance appraisal score is categorized
into different intervals, i.e. the different performance lev-
els, and payment differs by performance level, since the
unit-payment following different curves varies by differ-
ent performance level.

The payment
@ curve of sub low
performance level

The payment
© curve of medium
performance level

. The payment curve
@ of good performance
level

The payment
@ curve of excellent
performance level

Performance evaluation score

Figure 5. The performance-based payment curves for
infrastructure PPP projects
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3.2. Construction of the static performance-
based payment model

In infrastructure PPP projects, the government commis-
sions the private sector to carry out the operation and
maintenance of projects, and the private sector can ob-
tain profits by diligently executing and enhancing project
performance throughout the operation and maintenance
period. However, the government faces a challenge as
it cannot directly observe or control the actions of the
private sector throughout the entire operation and main-
tenance process (Su et al, 2023, 2024). The government
can only measure the efforts made by the private sector
through observable variables, such as the performance ap-
praisal score. In other words, this is a classic problem of
information asymmetry. Also, opportunism or moral haz-
ards may exist for the private sector to gain more profit.
The principal-agent theory, renowned for its efficacy in
addressing information asymmetry, includes participation
and incentive compatibility constraints. The former is that
the expected utility of the private sector entering into the
contract surpasses the maximum expected utility achiev-
able if the private sector doesn’t sign the contract. While
the latter asserts that the expected utility derived from the
private sector’s chosen action exceeds that obtained when
any alternative action is chosen. In essence, this implies
that the expected utility associated with the private sector
choosing a certain action is surpasses the expected utility
obtained from any other actions chosen by the private
sector.

(1) Model assumptions

Before giving model assumptions, the symbol interpreta-
tion is as shown in Table 1.

Table 1. Basic symbols and interpretation

No.  Symbol Interpretation of symbols
1 q The unit-payment
2 X The performance appraise score
3 0, The input level of private sector
4 e, The effort level of private sector
5 Y The output coefficient of social benefit
6 [T The exogenous random variable
7 p The absolute risk aversion coefficient of

private sector

8 o2 The variance of the payment paid to private
n sector

9 c The cost coefficient from private sector

10 o,  The basic payment

11 B, The payment coefficient

According to Holmstrom and Milgrom's principal agent
model (Holmstrom & Milgrom, 1991), some assumptions
for developing the payment mechanism are given as fol-
lows:
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Assumption 1: Assume that the performance output
in the nth performance appraisal period for infrastructure
PPP projects is as follows (Li et al., 2022):

=X b (1)

where x,, = 6,e, is the performance appraisal score corre-
sponding to the nth performance appraisal period; 6, and
e, are the input and effort level of the private sector, re-
spectively; y is the output coefficient of the social benefit;
u, ~ N(O, 62) indicates the exogenous random variable.

Assumption 2: Let the principal (the government) be
risk-neutral and the agent (the private sector) be risk-
averse, then the risk cost of the private sector in the nth
performance appraisal period is (Li et al.,, 2022):

RC =po? /2, @

where p(p > 0) is the absolute risk aversion coefficient of

the private sector; G% is the variance of government pay-

ment paid to the private sector.

Assumption 3: Let e,, and 6,, be the effort level and in-
put of the private sector in the nth performance appraisal
period, respectively. Then, the cost function of the private
sector (Gill & Stone, 2010) is:

C(en,en):c(eﬁwtef,)/Z, (3)
where c is the cost coefficient from the private sector.

(2) Model development with the multi-stage game
approach

Assume that o, denotes the basic payment when the per-
formance score of the private sector is x{ = 6ej, which
means that the private sector has attained the minimum
performance appraisal score according to the performance
standard. If g, €[0,1] is the unit-payment set by the gov-
ernment according to the performance output of the pro-
jects, then the payment contract S, in the nth performance
appraisal period is linear as follows (Gibbons, 1992):

Sn:(xn+qn(xn_xg)r 4)

where x,, = 0,¢, is the performance score of the private
sector in the nth performance appraisal period.

Therefore, the expected utility functions of the govern-
ment and private sector in the nth performance appraisal
period are:

O, :E(nn_sn):E(YXn+“n_an_q”(xn_xg)):

™, -, —q, (xn —x§) =10,e"~ 0, =4, (One” - egeg) )

and
®p :E(Sn—Cn):E(an+qn(xn—x6’)—p0%/2—ce%/2):
un+qn(xn—xg)—pG%/Z—ce%/Z:

an+qn(9nen—OGeg)—pc%/Z—ceﬁ/Z. (6)

From Equations (5) and (6), the maximum expected
utility function of the government is obtained by deter-
mining the basic payment and the unit-payment in each
performance level. The expected utility function of the pri-
vate sector can be maximized by choosing the appropriate
effort e,. Thus, the payment contract should simultane-
ously satisfy the maximum utility functions of the gov-
ernment and the private sector. Meanwhile, according to
the principal agent theory, the incentive compatibility and
participation constraints should also be satisfied. Thus, the
payment contract can be described as follows:

max{yene” -a,—q, (ene” -0geg )}, (7)
Bn

(IR) o, +,(0,e,—0fes)-po? /2 -ce? /2> d,
(IC) max {(xn +q, (enen —Ogeg)—pc%/Z—ceﬁ/Z}' ®

€,

where @y is the reservation utility.

3.3. The dynamic performance-based
payment model

The traditional payment model for infrastructure PPP pro-
jects includes a basic payment and a performance-based
payment. In this framework, the performance-based pay-
ment is paid according to the performance appraisal score,
utilizing the same unit-payment. However, it is impera-
tive to garner different performance appraisal scores ob-
tained by the private sector within different performance
levels are needed to ensure that different levels of ef-
fort are compensated appropriately. Employing the same
unit-payment for all appraisal scores within a performance
level fails to provide sufficient motivation for the private
sector to enhance their performance further. Therefore, a
stepped-payment structure, incorporating different unit-
payments within different performance levels, is more
suited to addressing practical problems.

Therefore, to realize the objective of this study, this
section will first construct the unit-payment model.

(1) The unit-payment model for the dynamic
performance-based payment model

As analyzed previously, the optimal unit-payment should
first be solved. To do so, the unit-payment model will be
constructed using the multi-objective optimization method.

The performance appraisal score will be divided into
M different performance levels based on performance ap-
praisal standards. If it is assumed that the performance
appraisal score of the private sector is x € [x; X, ],
j =012, ., M-1, and its probability density function in
the performance level interval X, X141 is f(x), then the ex-
pected utility function of the government and the income
function of the private sector can be expressed as follows:

U= J.: f(x)qjdx 9)
j

and



CD:(X—xj)qj—J.:jC(x)dx, (10)

where C(x) represents the corresponding cost curve of the
performance evaluation score x; g; is the unit-payment
determined by the government in the j+ 1th performance
level [x; xj”].

In the operation and maintenance process of infra-
structure PPP projects, the government aims to maximize
the performance appraisal score of the private sector. Con-
versely, the private sector seeks to obtain greater ben-
efits with minimal effort cost. Therefore, the unit-payment
should satisfy the public and private sectors’ objectives,
simultaneously. If Equations (9) and (10) are considered
as the objectives of the government and the private sec-
tor, respectively, and the weights of them are w; and w,,
where wq, w, € [0,1] and wq + w, € [0,1], it can be seen
as a multi-objective optimal problem. And the objective
function is:

X X
(r:s;() W1Ljf(x)qjdx+w2{(x—xj)qj —I C(x)dx} ,(11)
where q;z 0, X; € (0,100].

It is assumed that the performance appraisal score of
the private sector in performance level [x; x;, 4] is uniform-
ly distributed, and the probability is p € [0,1]. Addition-
ally, the cost curve is assumed to be the parabolic curve
C(x) =ux?, where & is the corresponding coefficient in
this curve.

Since the cost curve is supposed to be the parabol-
ic curve C(x):sz, the objective function is obtained
through substituting it into Equation (11):

X X
max F, = max yw, I pxqjdx +Ww, (x—xj)qj—J‘ ux2dx |}
Cal T
(12)

To find the optimal unit-payment, the first-order de-
rivatives of Equation (12) with respect to unit-payment g;

and performance appraisal score x are set to zero, leading
to the following equations:

oF, _
67): =W, —W,lx? +w,pq;x =0
and
ok _ 1 2 1 2_
aj —(x—xj)w2 S WIPXE — S Wipxj = 0,
thus
-w +\/W2+Wp 2W, X ; + Wypx2
X 2 2 1 ( 27 1 j) , (13)
w,p
2wW3U + 2w wix pu+ wazpzxfa -
ngﬁ\/wg + W1p(2W2Xj + W1pr)
q;= (14)

\/wg +w,p (szxj + W1px§)
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From Equation (14), the unit-payment is primarily asso-
ciated with the private sector’s cost curve, the performance
appraisal score, and the performance level covering this
performance appraisal score. The conclusions for them are
as follows:

1) According to 6g; / op > O, there exist positive correla-
tions between the unit-payment g; and the probability of
performance level [x; x;, ] covering the performance ap-
praisal score x. Essentially, the higher the probability p is, the
greater the possibility of the performance appraisal score
falling within the interval [x; X;, 1] is. This implies that the
government can set a relatively large unit-payment, since
the risks taken by both the government and the private sec-
tor will be small. Conversely, a smaller probability p indicates
increased risks for both parties, necessitating a correspond-
ingly smaller unit-payment from the government.

2) According to 0g; / &x; > 0, there are positive cor-
relations between unit-payment g; and lower bound x; of
performance level [x; x;, 4] covering performance apprais-
al score x. The unit-payment g; goes up with a relatively
lower bound x;. Obviously, the higher the lower bound
x; is, the greater the cost will be to the private sector to
improve their performance appraisal score is. Only the
government can set a relatively large unit-payment, the
private sector can only make a greater efforts to improve
performance. In turn, the smaller the lower bound x; is,
the lower the cost will be to the private sector to improve
their performance, so only a relatively low unit-payment is
needed from the government.

3) According to 8qj/6t7>0, there are positive cor-
relations between the unit-payment g4 and the coeffi-

cient U of the cost curve C(x) =ux2. That is, the larger
the coefficient U is, the greater the unit-payment g is.
This shows that a large coefficient U means that the cost
curve C(x)=ux? is steeper.

Under this circumstance, a relatively large unit-pay-
ment set by the government will not only enhance so-
cial benefits, but also enable the private sector to obtain
reasonable profits. Conversely, a smaller the coefficient of
the cost curve implies a smoother cost curve, indicating
relatively lower costs for the private sector. Consequently,
the government should set a relatively low unit-payment.

(2) Construction of the dynamic performance-based
payment model

Based on the assumptions in Subsection 3.2, another ver-
sion of the performance output is presented in terms of
the performance appraisal score. If g7 is the unit-payment
in the jth performance level interval [x; x;, 1] for the nth
performance appraisal period, then the payment contract
from Equation (4) in the nth performance appraisal period
for infrastructure PPP projects is expressed as follows:

S =a, +§q7(x7+1 -x1), (15)
j=0

where the o, denotes the basic payment when the pri-
vate sector has the minimum performance appraisal score
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meeting the performance standard in the nth performance
appraisal period, and the performance appraisal score
is x" :x{’+(xg—x1”)+ --+(x,’?+1—x[,'). For example, if
the performance appraisal score of the private sector is
x" = 80, and the minimum performance appraisal score
for the performance standard in the nth performance ap-
praisal period is xj =60, then the performance appraisal
score is denoted as 80 = 60 + (70 — 60) + (80 — 70). Here
each performance level is contained ten possible scores.
The performance appraisal score can also denoted as
80 = 60 + (80 - 60) with twenty possible scores in a per-
formance level.

Therefore, the expected utility functions of the gov-
ernment and the private sector in the nth performance
appraisal period are:

r
A P X BIE
=1

Zene"—a —qu( 07" ) (16)
=1
and
=£(S,-C,)=
E oc,ﬁiqf(xl n-x1 ) p02/2 ic{(e?)2+(6?)2}/2 =
= =
oaﬂ-iq;?(xj’x7_1)pcﬁ/Zic{(ey)2+(eg)2}/ =
= =1

I

n_en 7 )—pcﬁ/z‘zc{(efn')z+(67)Z}/2'

=

a +qu(

(17)

From Equations (16) and (17), and through the analo-
gous analysis, the dynamic payment model for the govern-
ment to the private sector can be expressed as follows:

v
max yz 0%e] —a, —qu? (ejle? —977@5’4) . (18)
=1 Jj=1
v
(IR) an+2q7(ejej —el 0" 1) pcs%/?_—
j=1
[Zc{(ef)z +(eg)z}/2 > g
& , . (19)
o+ D a (€707 —€] 0] 1) -po /2~
IC) maxy | =
R IRy
j=1
where &)0 represents the reservation utility.

Obviously, based on the aforementioned analysis, the
optimal unit-payment and effort level need to be deter-
mined within the dynamic performance-based payment

model for infrastructure PPP projects. In the next subsec-
tion, the unit-payment model will be constructed using the
multi-objective optimization method.

(3) Optimal effort level for the private sector in the
performance-based payment model

(I) Analysis of the private sector’s optimal effort level in
the performance-based payment model

According to Equations (7) and (8), the private sector’s
optimal effort level aims to maximize its utility function.
Taking the first-order derivative with respect to the effort

level in Equation (6), the optimal effort level e; can be
obtained.

Since

oo

P

E=qn9n—cen =0, (20)
the optimal effort level e, is as follows:

e = 9 1)

c
It is evident that the optimal effort level e, in Equa-

tion (21) and the unit-payment g, (input 6,) exist a posi-
tive correlation with increases in the unit-payment g,,. The
optimal effort level e and the cost coefficient ¢ are nega-
tively correlated with increases in the cost coefficient c.
Some related conclusions on the optimal effort level are
as follows:

1) The optimal effort level e, and the unit-payment g,,
demonstrate a positive correlation increases in the unit-
payment g,. Notably, the unit-payment is directly propor-
tional to the risk shared by the private sector. Throughout
the operation and maintenance of projects, the private
sector will receive more profits when actual performance
surpasses the target performance. Consequently, the pri-
vate sector will actively increase its efforts to improve
performance, given the prospect of obtaining higher pay-
ments from the government.

2) The optimal effort level e, and the private sector's
input 0,, are positively correlated with increases in the pri-
vate sector’s input 0, If the input is fixed, then the perfor-
mance appraisal score will increase as the optimal effort
level increases. In other words, the input is positively pro-
portional to the performance income as well as the effort.

3) The optimal effort level e, and the private sector's
cost coefficient ¢ are negatively correlated with increases
in the private sector’s cost coefficient c. The greater the
cost is, the larger the risk undertaken by the private sector.
Therefore, the private sector will select the effort level to
reduce its risk in the operation and maintenance process
of projects.

(I1) Analysis of the private sector’s optimal effort level in
the dynamic performance-based payment model

The method similar to that used in the above analysis
is adopted below. According to Equations (18) and (19),
the private sector's optimal effort level will maximize
the private sector’s utility function. Taking the first-order



derivative with respect to effort level in Equation (17), the
optimal effort level €, can be obtained.

Similarly, by
r I
oY
P _ _ -
oS a0 e <0, e
%] j=1 j=1

the optimal effort level €, is obtained in terms of the

optimal effort level é;’) in the jth performance appraisal
period as follows:
r < L ognen
e = (é'? =N 23)
£

Obviously, the optimal effort level é; in Equation (23)
is positively related to the unit-payment a7 (input 8,) with
increases in the unit-payment q7. Meanwhile the opti-
mal effort level €, is negatively related to the cost coef-
ficient c. Similar conclusions on the optimal effort level €,
are summarized to the optimal effort level e, in Equa-
tion (21), which are hereby excluded for simplicity.

(I1) Comparative analysis of the private sector’s optimal
effort levels in two proposed performance-based pay-
ment models

In this subsection, a comparative analysis of two optimal
effort levels for the private sector in the two different per-
formance-based payment models is carried out.

Based on the analysis in Subsection 3.3, the primary
difference between the two models is whether the unit-
payment is constant. For a certain performance appraisal
period of infrastructure PPP projects, the unit-payment is
unchanging in the first performance-based payment mod-
el, and varies according to different performance levels in
dynamic performance-based payment model.

From the optimal effort level in Equation (23), if the
performance appraisal score x" is divided into (' perfor-
mance level intervals according to performance appraisal
standard, such as when the interval [x; x;, 1] is the jth per-
formance level interval in the nth performance appraisal
period and ef is the jth effort level corresponding to the
Jjth performance level interval, then the unit-payment q7
and the effort level e in the jth performance level in-

Table 2. Values of all parameters in different situations
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v

terval satlsfyq[’f > qL > > q;’ > q1” >0 with Zq;’ =q,
U j=1

and e[’f >e7_1 > >e;’ >e? >0 with ;e;’ =e,, respec-

tively. Obviously, the private sector will has more has en-

thusiasm to continually improve performance through a

stepped payment model.

Compared to the above analysis, when the unit-pay-
ment is constant during a certain performance appraisal
period, it will lead to two consequences. On the one hand,
if the performance standard is low, private sector can gain
more profit from the relatively low performance appraisal
scores. On the one hand, if the performance standard is
high, the private sector is a little less likely to improve per-
formance. Since the relatively high performance appraisal
scores require more efforts.

4. Numerical simulation and case study
analysis

In this section, a simulation analysis is conducted based
on a water environment governance and ecological res-
toration PPP project in China, with the total investment
of 2162.6205 million CNY. The estimated cooperation
period of this project is 20 years, consisting of a 2-years
construction period and an 18-year operation and main-
tenance period. To assess the project's performance, the
government entrusts some relevant departments, such as
the Water Conservancy Bureau, as the implementation
agencies. These agencies conduct performance appraisal
during the operation and maintenance period. The gov-
ernment pays the private sector according to performance
appraisal scores, and the amount paid is determined by
the designed payment contract. Consequently, the private
sector obtains economic benefits through the operation
and maintenance of the project (Li et al., 2022).

Subsequently, a numerical simulation is presented to
analyse the influences of key parameters on the unit-pay-
ment, including probability, lower bound of the perfor-
mance level, and coefficient of the cost curve. For clarity,
the values in different scenarios are shown in Table 2.

(1) Influence of the probability of performance level covering performance appraise score on unit-payment

Figure 6a wi=w, =05 u=0.5

Figure 6b x; =70

)9:60;)9:70;)9:80;)9:90;)9: 100

U=01U=03U=05uU=07U=09

(2) Influence of the lower bound of performance level covering performance appraise score on unit-payment

Figure 7a wy=w, =05 u=05
Figure 7b
(3) Influence of the coefficient of cost curve on unit-payment
x; =70

p =07

Figure 8a wy =w, =05

Figure 8b

p=01p=03p=05p=07p=09

p =07 U=01U=03uU=05UuU=07UuU=09

p=01p=03p=05p=07p=09
U=01U=03U=05U=07U=09
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(1) Influence of the probability of performance level
covering performance appraise score on unit-payment

In Equation (14), it is assumed that w; = w, = 0.5, U =0.5,
and the influence of probability p of performance level
[x;_1, xj] covering performance appraisal score x on unit-
payment is shown in Figure 6a, where the different lower
bounds are x;_1 = 60, x;_1 =70, x;_; = 80, x;_1 = 90 and
X;_1 = 100. As shown in Figure 6a, at a certain cost coef-
ficient, there are positive correlations between the unit-
payment g; and the probability p with the different lower
bound X;_ 1 of performance level [Xj_1, Xl Furthermore, for
a certain probability, the larger the lower bound X; is, the
larger the unit-payment g; is.

Similarly, it is assumed that wy = w, = 0.5, %;_4 = 70, and
the influence of probability p of performance level [x; _ 4, x]
covering performance appraisal score x on unit-payment is
shown in Figure 6b. The different coefficient values of the
private sector’s cost curve are u = 0.1; u = 0.3; v = 0.5;
u =07 and u = 0.9. As shown in Figure 6b, at a certain
coefficient of the cost curve, there are positive correlations
between the unit-payment g; and the probability p of the
performance level covering the performance appraisal score
with the different coefficient u of the cost curve. Further-
more, for a certain probability, the higher the coefficient u
is, the larger the unit-payment g; is.

a)

Based on the above analysis, it is evident that the
unit-payment will increase with the rise in probability and
the lower bound. The performance level achieved by the
private sector should be thoroughly considered when the
public sector sets the unit-payment, given that the pri-
vate sector’'s marginal cost will increase with a high lower
bound. Based on the principles of equity and rationality,
the increasing of unit-payment will promote an improve-
ment spiral for project performance.

(2) Influence of the lower bound of performance
level covering performance appraisal score on unit-
payment

In Equation (14), it is assumed that w; = w, = 0.5, u =0.5,
and the influence of the lower bound x; _; of performance
level [x; _ 4, x;] covering performance appraisal score x on
the unit-payment is shown in Figure 7a, where the differ-
ent probability values arep =0.1,p =03, p=0.5,p =07,
and p = 0.9. As shown in Figure 7a, at a certain coefficient
of the cost curve, there are positive correlations between
the unit-payment g; and the lower bound x; _ 4 of perfor-
mance level [x;_ 4, xj] covering the performance appraisal
score with the different probability p. Furthermore, for a
certain lower bound x; _ 4, the larger the probability p is,
the larger the unit-payment g; is.

b)

Figure 6. The influence of the probability on unit-payment under the different lower bounds and
coefficients of the cost curve

a)

b)

Figure 7. The influence of the lower bound on unit-payment under the different probabilities and
coefficients of the cost curve



Similarly, it is assumed that w; = w, = 0.5, p = 0.7, and
the influence of the lower bound x; _ ; of performance
level [x; _ 4, xj] covering performance appraisal score x on
unit-payment is shown in Figure 7b, where the differ-
ent coefficient values of the private sector’s cost curve
are u =01, u=03 u=05 u=07and u=09
As shown in Figure 7b, at a certain probability, there are
positive correlations between the unit-payment g; and the
lower bound X - 1 of performance level X -1, ] covering
performance appraisal score x with the different cost coef-
ficient u of the private sector's cost curve. Moreover, for
a certain lower bound x; _ 4, the larger the coefficient u is,
the larger the unit-payment g; is.

Based on the above analysis, it is evident that the unit-
payment increases with the lower bound of the perfor-
mance level, and a higher lower bound corresponds to a
greater cost for the private sector to improve performance.
Only when the government sets a relatively large unit-
payment will the private sector exert significant efforts to
improve performance. Conversely, for a small lower bound,
the private sector's cost to improve performance is rela-
tively low, requiring only a relatively small unit-payment
from the government. From the sustainability perspec-
tive of the contract, for the high performance standards,
the private sector will exert greater efforts to achieve a
high performance level, incurring a large marginal cost. To
stimulate the private sector to achieve a relatively higher
performance level, the public sector should reasonably
increase the unit-payment. This not only guarantees rea-
sonable income for the private sector, but also ensures
the maximization of social benefits, ensuring the steady
execution of the contract.

(3) Influence of the coefficient of the cost curve on
unit-payment

In Equation (14), it is assumed that w; = w, = 0.5,
Xj_q= 70, and the influence of the cost coefficient of the

a)
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private sector on the optimal unit-payment is illustrated
in Figure 8a, in which the different probability values are
takenasp =0.1,p=03,p =05 p =07 and p = 09. As
depicted in Figure 8a, under the condition of the lower
bound Xi_1= 70, there exist positive correlations between
the unit-payment g; and the coefficient u of the private
sector’s cost curve C(X) =ux? for different values of the
probability p. Specifically, for a certain lower bound x; _ 4,
the larger the coefficient u of the private sector’s cost
curve C(x) =ux? is, the larger the unit-payment gjis.

Similarly, it is assumed that w; = w, = 0.5, p = 0.7. The
influence of the different coefficients u of the private sec-
tor's cost curve on the unit-payment is demonstrated in
Figure 8b, in which the different values of the private sec-
tor's cost curve coefficient are v = 0.1; U = 0.3; U = 0.5;
u = 0.7 and u = 0.9. As shown in Figure 8b, under the
condition of different lower bound values Xj_ 1 there exist
positive correlations between the unit-payment g; and the
coefficient u of the private sector’s cost curve. Moreover,
for a certain probability, the larger the coefficient u of the
private sector's cost curve is, the larger the unit-payment
qj is.

Therefore, it is clear that the unit-payment increases
with the coefficient of the cost curve, and a higher the
coefficient implies a steeper the cost curve. This means
that the private sector incurs higher costs to improve
their performance appraisal score. With a relatively large
unit-payment set by the government, the private sector is
incentivized to exert greater effort to improve their perfor-
mance. Conversely, for a determined cost, a higher lower
bound results in a larger unit-payment. Given the profit-
driven nature of the private sector, there is a possibility
of speculation to obtain substantial profits. To avoid this
phenomenon, the public sector must strengthen supervi-
sion to ensure both of the private sector’s profits and the
social benefits.

b)

Figure 8. The influence of the coefficients of the cost curve on unit-payment under the different
probability and lower bounds
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5. Discussion and implications

Based on the above analysis, it can be seen that a clear and
reasonable payment structure is crucial to attract the profit-
driven private sector to improve performance in Infrastruc-
ture PPP projects. To solve the unchangeable incentive or
subsidy coefficient, this study establishes an optimal model
to calculate unit-payment under the different performance
levels, which is obtained by constructing and solving an op-
timization function, and the different results influenced by
some main parameters are also obtained as follows.

(I) The unit-payment are positively correlated with the
private sector’s costs. The larger the cost curve coefficient,
the higher the cost paid by the private sector to improve
the level of performance. This requires the government to
set up a relatively large unit-payment to improve the en-
thusiasm of social capital efforts. Since the private sector
is profit-driven, and it can make huge profits by speculat-
ing. To avoid this phenomenon, the public sector must
strengthen regulation to ensure the private sector’s rea-
sonable profits and the public’s social benefits.

(Il) The unit-payment is positively correlated with the
lower bound of the performance level. For the larger
lower bound of the performance level, it means that the
private sectors’ costs to improve the performance level
is relatively large, and only by setting a relatively large
unit-payment can the government encourage the private
sector to actively strive to improve the performance. From
the perspective of contract sustainability, for the high
performance standards, the large marginal costs will be
incured when it strives to achieve a relatively high level
of performance. Therefore, to stimulate the private sec-
tor to achieve a relatively high level of performance, the
government needs to set a relatively high unit-payment.
On the one hand, the reasonable returns for the private
sector are guaranteed, and, on the other hand, it ensures
the maximization of social benefits.

(Il When the unit-payment is unchanged in a certain
performance appraisal period, the private sector can make
more profit from a relatively low performance appraisal
score for a lower performance standard. Conversely, if the
performance standard is relatively high, the private sec-
tor is less likely to actively improve the performance of
the project since the relatively high performance appraisal
scores require more effort from the private sector.

Therefore, the public sector should enhance project su-
pervision and encourage private sector performance, ensur-
ing their fair income. When the performance level has a high
lower bound, improving it becomes costlier, necessitating
higher unit-payments. However, excessively high unit-pay-
ments can lead to private sector speculation. So, for high
performance standards, the public sector should reasonably
increase unit-payments to motivate the private sector while
ensuring contract stability and maximizing social benefits.

Additionally, pricing in PPP projects is complex, with
many influential parameters. Given the long concession
periods and unexpected situations, payments should vary
based on performance factors (Chen & Nozick, 2016).
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Strategies for price adjustments are needed. Cooperation
between public and private sectors is essential to leverage
their strengths and compensate for weaknesses, enhanc-
ing stakeholder satisfaction and maximizing social benefits
during project operation.

The implications of this study arise as follows: (1) The
government should prioritize flexibility in pricing mecha-
nisms and establish price adjustment protocols for emer-
gencies. Setting income boundaries for the private sector
is imperative to ensures fairness and prevents excessive
profit-taking, thereby fostering a mutually beneficial, win-
win situation. (2) The private sector must commit to the
long-term, safe, and efficient project operation and main-
tenance of projects spanning decades. To secure both in-
come and social benefits, they should enhance organiza-
tion design, system development, and information-based
maintenance platforms. Continuous optimization and cost
reduction are paramount to guarantee sustained income.
The payment mechanism is fundamentally a comprehen-
sive system, not just a mere pricing mechanism. Its design
significantly impacts project success and warrants height-
ened attention from both the public and private sectors
(Shi et al., 2020; Kweun et al., 2017).

6. Conclusions

In the operation and maintenance process, the establish-
ment of a reasonable payment mechanism holds para-
mount significance for the public and private sectors.
However, the efficacy of fixed incentive or subsidy coef-
ficients within current payment structures in fulfilling their
incentivizing role is notably limited. To address this inade-
quacy, the current study undertakes the development of a
dynamic multi-stage performance-based payment model,
employing the framework of principal-agent theory.

The main procedures of this study are as follows:
(1) A multi-stage performance-based payment model is
developed based on principal-agent theory, wherein the
incentive or subsidy coefficient remains constant; (2) An
optimal unit-payment model is constructed, proving to be
instrumental in the development of a multi-stage dynam-
ic performance-based payment model, incorporating the
performance appraisal score of private sector; (3) A multi-
stage dynamic performance-based payment model is for-
mulated, featuring a changeable incentive or subsidy coef-
ficient; (4) A series of results is derived through numerical
simulation analysis, illustrating the impact on payment
associated with different key parameters. These findings
offer a theoretical reference for the formulation and im-
plementation of PPP contracts.

The design of the payment structure for infrastruc-
ture PPP projects should comprehensively consider the
project characteristics to align with the actual needs of
the projects. The contributions of this study primarily en-
compass two aspects: (1) The study reveals the mecha-
nism of unit-payment, characterizing the payment of the
per each score, which can provide a theoretical support
for the reasonable distribution of income within projects.



(2) The study introduces a stepped dynamic performance-
based payment structure, facilitating the rational alloca-
tion of risks among all project participants, which enriches
the existing research on the performance-based payment
mechanism. In essence, the findings of this study serve a
dual purpose, on one hand, they offer insights to rectify
the shortcomings in the current unsatisfactory payment
structure. On the other hand, the study provides a theo-
retical reference for the public sector to effectively incen-
tivize the private sector in enhancing project performance.

Of course, there are some limitations associated with this
study. In the proposed dynamic performance-based pay-
ment mechanism, the alterations in performance payment
predominantly revolve around the performance appraisal
score, and the effort level stands out as a primary param-
eter influencing unit-payment. Nevertheless, the design of
a performance-based payment mechanism necessitates the
consideration of various other crucial factors, including the
private sector’s reputation and the ratchet effect observed
in long-term incentive processes. These factors exert sig-
nificant influences on performance payment. Due to space
constraints, this study can only highlight the major factors.
Moreover, some factors like effort level, reputation, and the
ratchet effect pose challenges in terms of quantification.

Certainly, some future research endeavors will delve
into several aspects. Firstly, optimal contracts ought to
mitigate certain demand risks, particularly those existing
in dimensions observable by users but not verified by au-
thorities, thereby influencing service demand in practical
scenarios. Secondly, there is a need to prioritize perfor-
mance evaluation in the design of performance-based
contracts, enabling efficient benchmarking between ap-
praisal results and unit-payment. Lastly, there is an op-
portunity to investigate smart contract design by incorpo-
rating digital techniques like blockchain and digital twins
when devising payment mechanisms.
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