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Abstract. The performance-based payment structure has been widely used in infrastructure PPP projects. However, exist-
ing research has been absent on the structural unbalance problem of performance-based payment in the current infra-
structure PPP projects. This study aims to construct an optimal proportion of the performance-based payment in the total
payment, and then design a performance-based payment structure for infrastructure PPP projects. Firstly, the definition
of the performance-linked rate is introduced to characterize the proportion of the performance-based payment. Secondly,
based on the different objectives of the maximum social benefit and the minimum cost for the public and private sectors,
a multi-objective optimization model is constructed to obtain a reasonable value range of the performance-linked rate.
Thirdly, the impacts on different parameters in the performance-linked rate are revealed using simulation methods. Finally,
the numerical and simulation results show that, for the weak social average ability, the social cost is also high, and a large
performance-linked rate should be set. Conversely, when the social average ability is strong, the social average cost is rela-
tively reduced, and a relatively low performance-linked rate should be set. Consequently, the results can guide the contract
design in PPP projects.

Keywords: payment structure, performance-linked rate, infrastructure PPP projects, social average cost, social average

ability.

Introduction

PPP (Public-Private-Partnership) is a way of coopera-
tion between the public and private sectors (Chan et al.,
2018; Cui et al., 2018), which is a long-term contractual
relationship between them for construction and opera-
tion infrastructures and utilities (Yescombe, 2007). And
the participation of the private sector can not only ease
the financial pressure from government but also solve the
problems of professional service (Engel et al., 2013; Feng
et al,, 2016; Niu & Zhang, 2013). The PPP model can give
full play to the functional advantages of the public and the
private sectors and promotes the continuous improvement
of the supply quality and service efficiency of infrastruc-
ture through introducing the experience and advanced
technology management of the private sector (Li et al.,
2022). Thus, the private sector’s participation in process

of the operation and maintenance is of great significance
to the sustainable development of infrastructure projects
(Shang & Abdel Aziz, 2020).

In the initial stage of PPP projects, the transportation
PPP projects in the USA mainly relied on the investment
from the private sector, and the private sector’s certain re-
turn is obtained through user payment (Shi et al., 2020),
and then more and more attention are paid to improve
the operation efficiency of projects through introduc-
ing funds, advanced technologies, and management ex-
periences from the private sector (Li et al., 2022). The
development trend of demand-based PPP projects has
changed to performance-based payment in many fields
(Shang & Abdel Aziz, 2018), and it is also called avail-
ability payment. In the performance-based PPP modes,
the availability payment is a classical performance-based
way (Shang & Abdel Aziz, 2020). According to the
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performance-based PPP agreement, the private sector can
obtain a certain proportion of payment by paying more
effort to improve the requirements of performance evalua-
tion in a franchise agreement. In other words, the amount
of performance-based payment mainly depends on the
corresponding performance evaluation objectives in the
PPP franchise agreement. In essence, it is a core work of
the PPP franchise agreement (HM Treasury, 2007). There-
fore, the private sector would pay more effort into improve
the service qualities, to obtain more performance income
in the operation and maintenance process and more sub-
sidy income from the public sector.

The payment structure is commonly composed of the
fixed payment and the performance payment in the in-
frastructure PPP projects, where the fixed payment is the
unconditional paid periodically from the public sector
once the construction works are completed, and the per-
formance payment is paid to the private sector according
to the performance evaluation results in the performance
appraisal stage (Higuchi, 2019; Solifio & Albornoz, 2021;
Yescombe, 2007). A large number of practices show that
an appropriate payment structure can enable the private
sector to get reasonable subsidies (Shi et al., 2020; Solifio
& Albornoz, 2021; Zhang et al.,, 2022). Meanwhile, the
social utility of PPP projects can be improved, and then
the sustainable and healthy development of infrastructure
PPP projects can also be achieved (Solifio & Albornoz,
2021; Zhang et al., 2022). Moreover, the payment struc-
ture with performance payment is called the performance-
based structure, where the proportion of the performance
payment in the total payment is called the performance-
linked rate in this study. In fact, the performance-linked
rate is the risk allocation between the public and private
sectors in the operation and maintenance period of the
projects. Specifically, if the performance-linked rate is
too large, then the proportion of the performance pay-
ment in the total payment is too high, and the private
sector’s risk from the subsidy income increases since the
performance evaluation results are uncertain. Conversely,
for a low performance-linked rate, it will mean that the
private sector’s fixed income is too large, which would
decrease the private sector’s enthusiasm to improve the
performance level, and even cause the output target can-
not reach and lead to the loss of social welfare. That is,
the low performance-linked rate makes the public sector
take excessive risks.

So a problem naturally comes up, how to set up the
ratio of the performance payment to the total payment
to obtain a reasonable way of risk allocation between the
public sector and the private sector. In current infrastruc-
ture PPP projects, there is performance insufficient or
arbitrary phenomenon in the setting performance-linked
rate. Particularly, in most cases, the performance-linked
rate is determined even mainly based only on the experi-
ence of managers in the practical operation and mainte-
nance process of infrastructure PPP projects. Based on the
principal-agent theory, Solifio and Albornoz (2021) stud-
ied the transfer of risks by combining a fixed payment to

the contractor, a payment based on service quality, and
a payment relating to the number of users in a transport
PPP project. Shang and Abdel Aziz (2020) proposed a
Stackelberg game theory-based model to consider the
owner’s goals in the project, allocate risks appropriately to
stakeholders, and assure satisfactory performance by pro-
viding reasonable compensation to the private developer
in transportation PPP projects. The existing research to
date have focused on the constructed payment structure,
while the research on the performance-linked rate is near-
ly blank in the design of the performance-based payment
structure, and its calculate method is even rarely studied.

Based on the above analyses, this study will design
the performance-linked rate from a theoretical perspec-
tive, which mainly provide an appropriate method of
risk sharing between the public sector and the private
sector. To achieve this aim, this study will carried out
from the following three procedures: (1) The definition is
introduced. A new definition of the performance-linked
rate is introduced, which characterizes the performance
proportion between the public sector’s performance pay-
ment and the private sector’s performance appraisal result.
It will balance the public sector’s demand objective and the
private sector’s investment risk. (2) The model to obtain
the performance-linked rate is developed. To obtain a rea-
sonable performance-linked rate, a multi-objective opti-
mization model is constructed, which can meet the needs
of both the public and private sectors, that is, the public
sector hope the maximum social benefits and the private
sector hope the minimum total cost. (3) The constructed
model is solved. The extremum method is used to solve
the multi-objective optimization model, and the results is
analyzed by simulation methods. Finally, the conclusions
are given and the further research of this study are dis-
cussed. The main contributions of this study is as follows:
(1) A calculate method for the performance-linked rate is
proposed, which provide an optimization method for the
risk allocation between the public and private sectors from
the theoretical level, and (2) theoretically, it enriches the
performance-based payment mechanism of PPP projects.
A reasonable performance-linked rate can determine the
fixed payment and the ratio of the performance payment
in total payment, and it will prompt the private sector pay
more effort to obtain more performance income, and then
realize the rational risk allocation between the public sec-
tor and the private sector.

The structure of this study is organized as follows.
Section 1 gives literature reviews recalling the status of
domestic and foreign research of the performance-based
payment for infrastructure PPP projects. The perfor-
mance-based payment structure is designed including
the definition of performance-linked rate, the principle of
payment structure and the construction payment struc-
ture model solving the performance-linked rate in Sec-
tion 2. Section 3 gives a numerical simulation to verify the
science and reasonable of the constructed. The discussions
and implications, conclusions are presented in Section 4
and the last section, respectively.
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1. Literature reviews

1.1. Performance-based payment structure in PPP
projects

In general, a successful payment mechanism is closely
related to performance appraisal objectives, performance
appraisal proportion, key performance indicators and per-
formance evaluation results, and so on. From the existing
research, the performance evaluation of PPP projects is
not only the basis of performance-based payment for the
government to the private sector, but also the key to real-
izing the “initial intention” of PPP projects to increase the
effective supply of public services. In the implementation
process of PPP projects, the key to successful implementa-
tion lies in effective performance evaluation and supervi-
sion of the projects (Beatham et al., 2004; Liu et al., 2015;
Martinez & Rodriguez, 2016; Narbaev, 2022). Yu et al.
(2007) emphasized the key role of the index system and
evaluation model in PPP projects performance evaluation,
which directly reflect the real evaluation results of projects.
Yuan et al. (2012) pointed out that key performance indi-
cators are the core elements of performance management,
which is regarded as a scientific and effective method to
realize the value for money of PPP projects. However, PPP
projects often lack effective performance evaluation (Xu
et al., 2020). Salimian et al. (2022) presented an interval-
valued intuitionistic fuzzy multi-criteria decision-making
to evaluate and select the suitable alternative in Infrastruc-
ture projects.

Wang and Zhao (2018) studied the impact of perfor-
mance on contractual arrangements of PPP projects, and
further concluded that policy change is also a factor affect-
ing PPP project performance. Through semi-structured
interviews and multi-case comparisons, Lawther and
Martin (2014) found that insufficient performance super-
vision resources and inconsistent interpretation of output
standards of projects may lead to unreasonable payment
in PFI projects.

Obviously, the payment from the government depends
on the corresponding performance level, and the effec-
tive payment mechanism lies in whether the design of
the performance linkage rate is scientific, reasonable, and
easy to implement. It is reasonable to reduce the payment
proportion due to insufficient performance levels in in-
frastructure PPP projects. Ng and Wong (2007) proved
it by a case study in the operation and maintenance pro-
cess of PPP projects. Through an experiment, Liang et al.
(2020) discussed the impacts of the relationship between
compensation and performance on the degree of share-
holders’ support for compensation schemes. It is found
that shareholders preferred the compensation schemes
with the close relationship between compensation and
performance. Additionally, the supervision strength from
the government has a great impact on performance. The
government monitors the operation and maintenance ser-
vice quality of the private sector in real time, and adjusts
its payment amount to the private sector according to the

performance-linked proportion in the PPP contract. Es-
pecially, the government will take penalty measures if the
performance level fails to meet the requirements of the
performance standard.

Different from traditional infrastructure projects, the
essence of PPP projects is to improve the quality and
quantity of public services and public goods by intro-
ducing the funds and management technology of private
sectors, and paying more attention to the risk allocation
between government and private sectors (Cheung et al,,
2010). And the payment mainly depends on the output
of performance. Actually, the availability payment is the
most frequently used model for performance-based pay-
ment (Shang & Abdel Aziz, 2020; Solifio & Albornoz,
2021), which is more applicable to public infrastructure
projects.

The payment structure of DBFO (Design Build Finance
Operate) transportation projects with performance-based
payment mainly includes capital-based payment (with
payment or without payment during the construction pe-
riod) and service-based payment (including availability,
operation and maintenance services, traffic management,
safety, and user satisfaction) (Aziz & Abdelhalim, 2017;
Abdel Aziz, 2007). Additionally, for user paid projects, the
payment mechanism of PPP projects with performance-
based can also be included to improve the expected objec-
tives of the projects. The government expects to improve
social benefits through projects, and the private sector
expects to obtain greater benefits in market competition
(Yuan et al.,, 2021), and the benefit is obtained through the
public budget composed of the tax from taxpayers and the
payment from users.

Obviously, the existing research has provided a large
amount of theoretical support for the performance-
based payment structure. However, few research focuses
on the performance-linked rate in the design process of
the payment structure. That is, the proportion allocation
between the fixed payment and the performance payment
has not yet been fully considered. Therefore, it is neces-
sary to improve the research on payment structure in
infrastructure PPP projects, which will mainly be carried
out on the performance-linked rate for the performance
payment and the performance appraisal results.

1.2. Risk allocation in PPP projects

Risk allocation among the contracting parties is implied
in any contract with public services (Wang et al., 2018;
Ding & Li, 2022). The risks in projects mainly include
two kinds: demand risk and performance risk (George
& Matt, 2019), where the characterization and manage-
ment of the demand risk had been studied (Eliasson &
Fosgerau, 2013; Flyvbjerg et al., 2005; Roumboutsos &
Pantelias, 2015). Generally, most of the technical and
economic risks, such as the construction risks during
the initial stages of the contract or variation risks of the
operating costs, will be borne by the contractors, and
the public sector should take the political risks or other
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situations because of natural disasters and other force
majeure (Yescombe, 2007).

In recent decades, many studies on risk allocation be-
tween the public and private sectors have appeared. Ng
and Loosemore (2007), and Chung and Hensher (2015)
studied the risk sharing between the government and the
private sector in the Australian highway PPP project, and
put forward that a reasonable risk sharing scheme plays a
positive role in project risk management. Carbonara et al.
(2014) developed a real option-based model to balance the
private sector’s profitability needs and the public sector’s
fiscal management interests. To better ensure the achieve-
ment of a win-win condition, Pellegrino (2021) proposed
a structured model for assessing and benchmarking the
impact of different public supports, which releases to
mitigate revenue risk in PPP projects from the stand-
points of the private and public sectors. Iyer and Sagheer
(2011) studied the relationship between traffic volume
and concession period of Indian highway BOT projects,
and analyzed the risk sharing to protect the interests of
all participants by constructing a concession agreement
model. Taking the PPP model of 11 kindergartens in Ka-
zakhstan as the survey object, Mouraviev and Kakabadse
(2014) found that the government paid a large transfer
cost and handed most of the risks to the private sector. By
introducing the reciprocal preference theory, Wang et al.
(2018) established an optimal incentive mechanism to
analyze the risk-sharing ratio. Through investigating the
4,484 PPP projects across 130 developing countries, Wang
et al. (2019) also studied whether and how distinct types
of the government support can attract more investment
from the private sector, in which the results showed that
risk allocation plays an important role between the gov-
ernment supports and the investment from the private
sector. Also, by establishing a risk-sharing game model for
the sewage treatment PPP project, Song et al. (2020) con-
structed a risk-sharing scheme among the government,
contractors, and financial institutions. Additionally, some
research found that risks should be shared between the
government and the private sector, rather than transferred
to one party (Ameyaw & Chan, 2016).

To be sure, in the process of PPP project negotiation,
the right inducement and information asymmetry are
easy to affect risk sharing, and fair risk sharing depends
on many factors, such as the ability of risk management
and the attitude of stakeholders towards risk. Therefore,
it should effectively control the project risk through risk
sharing and realize value for money, and allocate the risk
to the party with the strongest risk control ability and the
lowest control cost (Tao & Zhao, 2011).

An effective risk allocation between the public and
private sectors has been paid more and more attention in
PPP projects. Ng and Loosemore (2007) analyzed the ra-
tionale behind decisions about risk distributions between
the public and private sectors and their consequences. The
greatest difficulty of risk sharing is the risks arising from
the service demand that are significantly different from

the originally predicted service demand (demand risk)
and should be transformed to one of the parties whether
in full or shared (Solifio & Albornoz, 2021). Another risk
is performance risk transferred to the private sector, which
mainly depended on the performance evaluation standard
in the contract and the performance level of the private
sector. The transfer of the performance risks is carried
out in terms of payment to the private sector according to
their performance level (Solinno & Albornoz, 2021).

Relevant scholars discussed the necessity of clearly
stipulated in the contract conditions that non-perfor-
mance of the contract will be punished. Such punishment
aims to force the contractor to bear controllable risks,
to motivate and improve the performance of the project
contractor, and ensure that the government has value for
money (Abdel Aziz, 2007). And most studies discussed the
design of payment structure from a different perspective.
For example, availability payment (Mladenovic & Queiroz,
2014; Sharma & Cui, 2012), and security payment (Rangel
et al., 2012; Vassallo & Gallego, 2005). Zhu and Cui (2014)
constructed the availability payment design model based
on bi-level stochastic dynamic programming. Abdel Aziz
(2007) proposed a hybrid payment mechanism framework
with a hybrid payment. Cui et al. (2017) proposed a two-
layer stochastic model to maximize the availability pay-
ment for roads and optimize the deduction of the total
payment amount and availability payment design. Some
subsequent studies continue to introduce the implementa-
tion of mixed payment through case studies and contract
analysis (Shang & Abdel Aziz, 2018).

From the current practice, most of the performance-
based structure adopted in infrastructure PPP projects is
mainly divided into fixed payment and performance pay-
ment (Abdel Aziz, 2007; Cui et al., 2017; Solifio & Albor-
noz, 2021; Zhu & Cui, 2014). Generally, the proportion of
the fixed payment is too high and that of the performance
payment is too low, which will lead to the incentive effect
of payment from the public sector can not be used effec-
tively. A natural problem here is how to allocate the fixed
payment and performance payment. However, at present,
there is also insufficient research on linking the objectives
of the projects with PPP payment, and few research design
payment structures scientifically through determining rea-
sonable performance-liked rate.

Based on this, a problem should be solved: how to in-
novate the payment structure to fill in gaps on research
without the proportion of the fixed payment and perfor-
mance payment in the existing payment structure, which
is of great significance to the design of the performance-
based contract.

2. Research methodology

This section presents the method of designing the per-
formance-based payment structure. The performance
appraisal will be conducted during the operation and
maintenance period of the projects but not during the
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construction period, where a part of the profit of the pri-
vate sector will be linked to the performance appraisal re-
sults in the operation and maintenance period.

2.1. Problem description of the design for the
performance-based payment structure

The design of the performance-based payment structure
for infrastructure PPP projects is how the public sector
pays to the private sector according to the performance for
the operation and maintenance services of the private sec-
tor, in which the performance-linked rate is the key factor.
The percentage of the payment of the performance-linked
part in the total payment is regarded as the performance-
linked rate. In other words, the payment from the public
sector will be linked to the performance appraisal results
of the private sector in the operation and maintenance pro-
cess. The payment of the linked part is called the perfor-
mance payment, and the proportion of the performance
payment in total payment is performance-linked rate,
which is the basis of the design of the performance-based
payment structure, as shown in Figure 1. Specifically, if P
and B denote the total payment and performance payment
from the public sector, then the performance-linked rate

B
is b= FX 100% . As shown in Figure 1, the total payment

P is the sum of the performance payment P x b and the
fixed payment P x (1 - b). And the performance payment
P x b is a function of the performance-based rate b. That
is, the size of the performance payment P x b increases
from P x b, to P x b, as the performance-based rate b
increases from b; to b,, and the size of the fixed payment
P x (1 - b) decreases from P x (1 — b)) to P x (1 - b,).
A perfect performance structure needs to have a proper the
performance-linked rate, which balances the interests be-
tween the different goals of the public and private sectors.

Total payment
(P)

Figure 1. The structure of performance-based payment

2.2. The principle of payment structure

For the infrastructure PPP projects, the key for the public
sector is to design the payment mechanism, which ena-
bles the private sector to continuously improve its work
performance based on recovering the construction and
operation and maintenance costs and obtaining the ex-
pected profits (An et al., 2018). The design of the payment
mechanism for the infrastructure PPP projects shall follow
four principles: attracting private sectors, the win-win be-

tween the public and private sectors, value for money, and
proper sharing of risks. The purpose of introducing PPP
mode into infrastructure projects is to attract the private
sector to actively participate in the construction, opera-
tion and maintenance, and meeting their interests is the
direct motivation for the private sector to actively invest
in the project. A reasonable payment mechanism can not
only attract the private sector to participate in the project
but also ensure the smooth implementation of the project
(Su et al., 2022).

From the practice of the project, the main driving
force for the private sector to participate in the operation
and maintenance of the project is to obtain relatively sta-
ble investment profits through establishing a long-term
cooperative relationship with the public sector. Since
the private sector is profit-driven, it hopes to obtain the
maximum benefits at the minimum cost during the opera-
tion and maintenance period (Sang et al., 2019). And the
government hopes to achieve the maximum social ben-
efits, that is, the government wants the private sector to
actively improve performance level of the project. When
the performance appraisal results for the private sector fail
to meet the performance standards set by the public sec-
tor, the payment from the public sector will be deducted.
Therefore, in the cooperation process of projects, the pri-
vate sector cannot blindly reduce the performance of pro-
jects to pursue huge profits. Meanwhile, when designing
the payment mechanism for infrastructure PPP projects,
the government should also avoid “fixed payment’, various
irrational guarantees or commitments, and excessive profit
transfer. The incentive mechanism is embedded in the de-
sign of the payment mechanism to promote the private
sector to continuously improve performance to achieve
the win-win objectives of cooperation between the public
and private sectors. Essentially, the PPP mode is to attract
advanced management methods and governance concepts
from the private sector through the cooperation between
the public and private sectors, provide high-quality prod-
ucts or efficient services for the public, and maximize
social benefits. And reasonable risk sharing can promote
more effective cooperation between the two sides (Hos-
seinian & Carmichael, 2013; Suprapto et al., 2015).

For the public sector, it can change all the risks of the
project originally undertaken by the government into a
reasonable risk sharing between the public and private
sectors, and then give full play to the advantages of both
sides, reduce the risk management cost of both sides, re-
duce the overall risk loss of the project, and promote a
virtuous circle of cooperation between both sides.

2.3. Model construction

Some basic assumptions need to be made before setting
the performance-linked rate between the payment from
the public sector and performance appraisal results during
the operation and maintenance period for the infrastruc-
ture PPP projects, a symbol interpretation are as shown
in Table 1.
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Table 1. The symbol interpretation of the model

Symbol Interpretation of symbols

A The private sector’s average maximum income in
each performance appraisal period

Cy | The basic operation and maintenance cost and
average cost coefficient

ky The average cost coefficient

b The performance-linked rate

X The performance appraisal score

The private sector’s marginal cost

n The private sector’s average ability during the
operation and maintenance period

For the total operation and maintenance period of
infrastructure PPP projects, if W, denotes the private
sector’s average maximum income in each performance
appraisal period, C, and k; denote the basic operation
and maintenance cost and average cost coefficient, re-
spectively, where the basic operation and maintenance
cost is the cost when the private sector reaches the perfor-
mance standard set by the government during operation
and maintenance period, then the government payment
corresponding to the basic cost of operation and main-
tenance is W, = (l—b)x W, , where b is the performance-
linked rate. Further, when the cost from the private sec-
tor is C,, the performance appraisal score is x,, and when
the performance appraisal score is hiked from x, to x;,
the cost from private sector is also raised from C, to
CI(C1 > Co) . Therefore, the marginal cost of private sector

is o= LCO. Moreover, if 1, W, and W; denote the av-
X1~ %o
erage ability of the operation and maintenance, maximum
deduction and actual deduction of performance appraisal,
respectively, then W, = bx W, W, = W2/<1+T](1).
Based on above analyses, the social benefits of the pro-
ject and the private sector’s total cost are:

U w, —w, =bxw, -2
.= — =bx —
public 2 3 1 1+na
and
bx W,
Cp”-m[e=C0(1+0L)+W3=C0<1+(X)+1+n(;=
Wlx{k1><(1+a)+ b }
1+na

Obviously, the performance-linked rate directly affects
the objectives of the public sector and the investment risk
of the private sector. Therefore, the government should
select an appropriate performance-linked rate. On the one
hand, it will motivate the enthusiasm of the private sector
to improve the performance level, and finally achieve the
goal of increasing social benefits. On the other hand, the
project can be implemented smoothly through designing
an appropriate performance-linked rate to reduce the risks
in the project.

In the process of operation and maintenance, the
public sector hopes that the private sector will try its best
to improve the performance level to maximize the so-
cial benefits. However, the goal of the private sector is to
maximize its interests, and it always expects that the less
the cost is, the better, once the basic performance is com-
pleted. Therefore, the design of the performance-linked
rate should satisfy both the public and private sectors
about the goals at the same time. Obviously, a key issue
to solve the optimal performance-linked rate is the deter-
mination of the marginal cost. Here, for the convenience
of the solution, the problem of selecting the optimal per-
formance-linked rate is firstly transformed into another
equivalent optimization problem, which is the problem of
finding the optimal marginal cost. And then the optimal
performance-linked rate is obtained according to the re-
lationship among marginal cost, performance-linked rate,
and objective function.

To sum up, based on the different demands of the pub-
lic and the private sectors, the maximum social benefit
and the minimum total cost of the private sector are taken
as the objectives, and the optimal objective function can
be obtained as follows:

II}XinF = ngn{cprivate - Upuhlic} =

V\llx{klx(1+oc)+1+na}—wz+w3: (1)

bxW,
}—ble—i- X L
1+na

V\llx{klx(1+oc)+1+na

where 0<b<1, 0<n<I1, 0<k <1, 0<a<l.

3. Research result

From the optimal objective function, the optimal marginal
cost can be obtained by calculating the first derivative of
the marginal cost in Eq. (1), and taking it as zero, that is

OF i o 2Wim
oo

(1+na)2
thus, the value of the optimal marginal cost is

Cloptimal = \/(Zb)/(nkl) -1/n.

Assume that the average maximum cost paid by the
private sector is equal to its average maximum income,
that is, C, (1 + oc) =W,, and the maximum marginal cost of
the private sector is 0., =1/k; 1, then the value range
of the optimal marginal cost is: 0 < 0ty ipne <1/k; ~1.

The relationships among optimal marginal cost, per-
formance-linked rate, and objective function are analyzed
below, as shown in Figure 2.

(I) When 0yipnqr 2 Opyqy » the optimal marginal cost

1 2b 1 1
is ocapﬁml:——l, that is, /———:——1, then
ky Nk mok

the objective function F takes the minimum value at

2
1 11
b=—mk|—+—-1];
zﬂl(n k, J

>
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| |
| |
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= | |
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2k ) 1 11
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Figure 2. The relationship among marginal cost o,,iqp
performance-linked rate b and objective function F

(IT) When o < 0, the optimal marginal cost is

optimal

Qoptimal = 0 that is, ﬂ—lzo, then the objective
nkooM .

function F takes the minimum value at b :2—1;
n

(ITII) When 0O<a -1, the optimal mar-

) <
optimal
k 1

ginal cost will be obtained in the interval (0,i—1],

1
that is, 0< ﬁ—l<i—1, then the objective
\nk, n kK

function F takes the minirznum value in the interval
1k 1 1 1

—L<b<mk | —+—-1].

2n 2 n k

2

1 1 1
In summary, when b= Enkl (— + P lj , the private
n

1
sector will give up trying to improve performance since

the excessive marginal cost is produced to improve per-
formance; when b < 2—1 , the marginal cost in the process

of operation and maintenance is zero. That is, the private
sector has not made efforts to improve performance. And
it cannot meet the goal for the government of maximiz-
ing social benefits. Therefore, the optimal range of the
performance-linked rate is as follows:

1k 1 1 1 ’
——lgbs—nkl[—+——1] . )
n 2 n k

2

Again both the average cost coefficient k; and aver-
age ability 1 of the operation and maintenance meet the
conditions: k; € [(),1], ne [0,1], so 0< kl/(Zn) <1, that
is, 0 <k; <2n. According to the value range of the perfor-
mance-linked rate b e [0,1], two cases are obtained for the
upper bound of b the performance-linked rate:

2
(I) When 1k, (l+i—1

2 n k
the performance-linked rate b is: 2—1 <b<1, and the con-
ditions met by k; and n are: ® 0 < 12 <0.6, 0.3<n<0.55
or 0<k 0.5, 0.25<n<1. The value situation of the
performance-linked rate b in interval [kl / (21]),1} are
shown in Figures 3a and 3b.

(IT) When %nkl [l+ki—1] <1, the value range
n

1
of the performance-based linked rate is: lﬁsbs

2 n

1 1 1

Enk1 (_+k__1] . Since m 6[0,1] , the conditions met
n K

by k; and n are: 0.573<k; <1, 0.6<n<1 or 0.6<k, <1,

0.573<n<1. As shown in Figures 4a and 4b, the value

of the performance-based linked rate in space encircled

>1, the value range of

2
by curved surfaces b> 1k and b< lnkl {l +i - 1} .
2 2 n ok

From Figures 3 and 4, the performance-based linked
rate b is negatively correlated with the social average abil-
ity m to the operation and maintenance, and is positively
correlated with the social average cost coeflicient k; of the
operation and maintenance. It is shown that if the social
average ability to the operation and maintenance is weak,
then the social cost coefficient is also high, and the gov-
ernment can set a large performance-based linked rate to
encourage the private to strive to improve the technolo-
gies and management level of the operation and main-
tenance, to reduce its operational risk. Conversely, when
the social average ability of operation and maintenance is
strong, the social average cost coefficient of operation and
maintenance is relatively reduced. And the government
should set a relatively low performance-based linked rate
to reduce the income risk of the private sector to realize
fair risk sharing.

Figure 3. The changes of performance-linked rate in [kl / (211),1}
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Figure 4. The changes of performance-linked rate in [kl / (Zn),nkl (1/ n+1/k —1)2 / 2}

Thus, the optimal interval of the performance-linked
rate b and the conditions satisfied by k; and n are as fol-
lows:

1, 0< ,<0.6,03<1n<0.55
21 0< ,<05,025<n<1

0.573< | <1,0.6<n<1
0.6<k <1,0.573<n<1

3)

From Eq. (3), the optimal values range of the perfor-
mance-linked rate b is related to the social average ability
in operation and maintenance n and the social average
cost coeflicient k; of the private sector. That is, the values
range of the performance-linked rate is determined once
the social average operation and maintenance ability and
the social average cost coeflicient of the private sector are
given.

4. Discussions and implication

The payment mechanism in infrastructure PPP projects
is an important element of performance-based contracts,
since it characterizes the payment from the public sector
and the risks transferred to the contractor. Essentially, the
payment mechanism with a fixed payment and a perfor-
mance payment plays an important role in risk allocation
problems in infrastructure PPP projects. A too large per-
formance payment means that the private sector will take
over more of the risks in the operation and maintenance
process of infrastructure PPP projects.

Much research on the design of payment mechanism
have appeared, such as availability payment mechanism
with predetermined payments and adjustment payments,
a hybrid payment mechanism with management (safety)
payment, usage payment and capital payment (Abdel Aziz,
2007), availability and performance payment (Shi et al.,
2020), the payment mechanism with a fixed payment to
the contractor, a payment based on service quality and the

number of users (Solifio & Albornoz, 2021). Comparing
the existing literature, the advantage of this study is that
an ignored problem “how to determine the amounts both
of the fixed payment and performance payment” is solved
by defining and calculating the performance-linked rate.

From the Eq. (3), the performance-linked rate is rated
to the social average cost coeflicient and the social aver-
age operation and maintenance ability. And using numeri-
cal simulation method, the relationships among them are
stated. As shown in Figures 5a and 5b, when the social
average cost coeflicient k, is determined, the performance-
linked rate b decreases with increasing the social average
operation and maintenance ability 1, and the reduced
speed is fast for the greater social average operation and
maintenance ability n. Especially, for the greater social
average cost coeflicient k;, the performance-linked rate
b is relatively larger than the smaller ones from the Fig-
ure 5c. Similarly, as shown in Figures 6a and 6b, when
the social average operation and maintenance ability 7 is
determined, the performance-linked rate b increases with
increasing the social average cost coefficient k;, and the
speed to reduce is lower for the greater the social average
operation and maintenance ability 1. Especially, for the
greater social average operation and maintenance abil-
ity m, the performance-linked rate b is relatively lower
shown from the Figure 6¢.

In this sense, when the social average operation and
maintenance ability is relatively weak, the social aver-
age operation and maintenance cost is naturally high.
From the public sector’s perspective, to encourage the
private sector to improve technology and management
level during the operation and maintenance period, a
relatively large performance-linked rate should be set to
reduce operation income risks of the private sector. Con-
versely, if the operation and maintenance ability is strong,
then the social average operation and maintenance cost
is relatively low, the public sector should set a relatively
low performance-linked rate to reduce the private sector’s
risks. Therefore, a reasonable risk sharing can be achieved
by setting a perfect performance-linked rate for the public
sector.
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Additionally, according to Eq. (3), the private sector’s
social average ability cannot too poor when the values
of the performance-linked rate are taken in the interval
[0, 1]. Under these circumstances, from the public sector’s
perspective, the relevant data should be first collected to
ensure the accuracy and timeliness of collected data, it can
accurately grasp the private sector’s social average cost and
the social average ability during the operation and mainte-
nance process as much as possible. In addition, to ensure
that there will be no deviation in the evaluation results,
the means of data processing also should be as reasonable
as possible. It will avoid the misjudgement of the private
sector’s social average cost and the social average ability in
the operation and maintenance process of infrastructure
PPP projects.

Furthermore, some implications will be stated as fol-
lows. (1) From the stakeholders’ perspectives, the nego-
tiation and transaction costs will be reduced. A perfect
performance-based payment structure will make the pay-
ment be carried out in a fair and transparent environment,
which avoids multiple rounds of negotiations caused due
to the unequal information. And it is beneficial to coop-
erating all parties smoothly. (2) From the public sector’s
perspective, the financial risk of infrastructure PPP pro-
jects will be decreased. For the imperfect performance-
based mechanism, the payment from the public sector
cannot reach to the private sector in time, which will lead
to too high working capital pressure on the project com-
pany, so the financial risk is also too high. Therefore, when
a perfect performance-based mechanism is established,
the financial payment can be paid to the project com-
pany timely and efficient, it plays a great role in resolving
the financial risks of the project company. (3) From the
private sector’s perspective, the perfect performance-based
payment mechanism makes the payment from the public
sector openness and transparency, which is good for the
private sector to obtain the income accurately and timely.
In addition, how to use the existing historical data and
process them for the public sector will play a great auxil-
iary role in designing a reasonable payment mechanism,
which further promotes the healthy and orderly develop-
ment of the payment mechanism in related industry.

Conclusions

Most of the performance-based payment structures of
infrastructure PPP projects in the operation and main-
tenance process are composed of the fixed payment and
the performance payment. The large fixed payment will
not effectively incentive the private sector, and the large
performance payment should increase the profit risk of
the private sector (Su et al., 2022). Essentially, this involves
the risk allocation between the public and private sectors.
Therefore, it is of great significance in designing a reason-
able proportion of the fixed payment and the performance
payment in the performance-based payment structure, re-
spectively.

This study tries to develop an ideal proportion of
the fixed payment and the performance payment for the
performance-based payment structure of infrastructure
PPP projects. To achieve this aim, the definition of the
performance-linked rate is first introduced, which is de-
scribed the proportion of the performance payment in the
total payment. The performance-linked rate is the basis of
the design of the performance-based payment structure in
the operation and maintenance process. Secondly, a suit-
able method is developed to determine the performance-
linked rate from optimization and simulation perspectives.
The method is firstly constructed by considering the social
welfare of the public sector and the profit of the private
sector, and then the value range of the performance-linked
rate can be obtained using extreme theory. Finally, the
results analyzed from the numerical simulation method
show that the performance-linked rate is related to the
social average operation and maintenance ability and
the social average cost coefficient of the private sector.
In other words, the performance-linked rate is related to
the social average production level of an industry, so the
government can determine the performance-linked rate
according to the product development level of different
industries. The values range can be determined once the
social average operation and maintenance ability and the
average social cost of the private sector are determined.

The design of the payment mechanism of infrastructure
PPP projects should fully consider the contract structure
and project characteristics of the project itself, and formu-
late a payment mechanism suitable for the actual needs of
the projects. The contributions of this study mainly contain
two aspects. (1) The design method of the performance-
based payment structure is presented for the performance-
based payment contract. The calculation method of the per-
formance-linked rate is first developed, which is a propor-
tion allocation for the fixed payment and the performance
payment. And then the payment structure is designed by
calculating the performance-linked rate, which provides a
reasonable approach method of risk allocation between the
public and private sectors. (2) The parameters affecting the
performance-linked rate are identified. The performance-
linked rate is rated to the social average cost and the social
average operation and maintenance ability. And the values
range can be determined once the social average operation
and maintenance ability and the average social cost of the
private sector are determined. So the government can de-
termine the performance-linked rate according to the prod-
uct development level of different industries.

There are some limitations associated with this study.
When designing the payment mechanism, the existing fi-
nancial capacity of the government and the construction
plan and cash flow in the coming decades are considered to
avoid causing an excessive financial burden to the govern-
ment, and the financial capacity of the private sector should
be considered to ensure sufficient funds in the process of
project construction. If the payment is perfectly linked to
the performance of the project, it will provide more control
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tools for decision-makers at the project governance level
and further expands the degree of the bundling effect.
Additionally, the validation of the model is verified using
numerical simulation, and it is necessary to seek more
theoretical methods, in which the validation of the model
is verified using real data and avoiding simulation data.
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