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ABSTRACT 

This paper aims at formulization and overview of the cost performance evolutions of proton exchange membrane (PEM) 
fuel cell power generation along with load and time. For this purpose, electricity-cost ratio (ECR) is proposed as the 
measuring parameter for the cost performance and a two-constant cost model is proposed to concisely describe the cost 
characteristic of the power generation as the opposite of a multi-constant cost model. Combination of the two-constant 
cost model and the ideal cell model developed recently produces an inclusive ECR equation that has three analytical 
expressions and thus allows of straight overviews of the cost performance evolutions in the working zones of the cells. 
The applications to real cells confirm the validity of the equation for operation optimization and technique evaluation of 
PEM fuel cells. And more insights into the cost performance evolutions are inferred by means of the equation to help 
promote the commercialization of PEM fuel cells. 
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1. Introduction 

PEM fuel cells are well known as one of the promising 
green power generation devices, but estimation and op- 
timization of their cost performance has remained an 
important subject concerning successful commercializa- 
tion of them all along. As one of critical integrated com- 
mercial indexes, the cost performance of the cells should 
be provided with concise and inclusive calculating for- 
mulae. Because of long lack of the formulae, broad over- 
views of the cost performance evolutions as load magni- 
tude and operating time have scarcely ever been provided 
for real cells of various specialties and multifarious costs 
throughout their entire lifetimes. Again, there have been 
few guides for operation optimization of the cells to- 
wards cost performance maximization. 

Great efforts have made for estimation of the cost per- 
formance or other relevant parameters, and several arith- 
metics [1-4] have been proposed. But few of them can 
effectively satisfy the current need. Among others, the 
core reason may lie in that no cell characteristics and/or 
no cost characteristics are concisely reflected and ade- 
quately included in them. In order to reform them to- 
wards current aim, as many factors of the cost perform-  

ance as possible should be fused together. Performance, 
degradation, lifetime and cost are known as the major 
four of the factors, thus parameterizations and fusions of 
them may constitute a logic process to the goal. Consid- 
ering cell diversity and cost miscellaneousness, two new 
models may get indispensable to the parameterizations 
and fusions. 

One of the models may be the ideal cell model. It 
should be so developed as to extract cell constants for 
unified cell specialty characterization. This assignment 
has been successfully finished in one of our last works [5] 
and results in a five-constant ideal cell with outlined 
working zone. The ideal cell model may well allow of 
the derivation of the expected formulae in company with 
the other model and its working zone may well support 
an overview of cost performance evolutions in the entire 
operating range. Partially because of little acquaintance 
with the cell commonness and operating range, previous 
works [1-4] may suffer from disunified cell specialties 
and limited operating states, and few efforts have been 
made for the overview. 

The other model refers to an appropriate cost model 
that needs to be established in this work. With it simple  
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and effective cost classification can be performed for the 
derivation of cost performance formulae. The cost model 
can be so developed as to extract cost constants that 
group cost items into species according to the common- 
ness of cost items. In essence, the model is designed to 
serve a special purpose, i.e. to combine the classical cost 
management theory with the features of fuel cells. It may 
be different from previous cost models that inclined to 
cost structure [2,3,6,7] or other concerns [1,4,8]. Without 
proper cost classification taken into account, previous 
cost models may not well support the combination. 

Since cell performance, degradation characteristic and 
operation lifetime have been well fused together based 
on the ideal cell model, this work is arranged to develop 
the cost model, to more fuse power generation cost and 
to give cost performance overviews of the cells. It is also 
prepared for our next work where a direct tool will be 
developed for operation optimization and cost perform- 
ance maximization of PEM fuel cells. As the premise of 
this work, a proper measuring parameter for the cost 
performance should be adopted. For the current subject, 
power-specific cost [6-8] or area-specific cost [2] may be 
not the most appropriate, while cost-electricity ratio 
(electricity price) [1,3,4] or its reciprocal (ECR) may be 
worth considering. 

2. Cost Models and the Choice 

As have been elaborated in pioneering documents [1-4, 
6-8], there may be too many cost items in PEM fuel cell 
power generation. Different cost items may have differ- 
ent dependences on time or other parameters, so it may 
be possible and necessary for parameterized calculation 
of the total cost to group them according to the common 
natures of cost items. Cost classification may relate to 
electricity supply paths available for the terminal user. In 
general, the terminal user can gain electricity by two 
paths, thus there are two cost classifications and two cost 
models. 

2.1. Two-Constant Cost Model 

As the first path, the user purchases the cell and fuel by 
himself, and then directly supply himself; this path may 
be applicable to transportation, portable and stationary 
power (of any scale) users. In the first path, the total cost 
would be composed of two parts: the constant cost and 
the variable cost.  

In direct proportion to fuel consumption or accumula- 
tive output charge quantity, the variable cost mainly in- 
cludes fuel cost and maintenance cost, etc. Independent 
of fuel consumption or accumulative output charge quan- 
tity, the constant cost would be the acquisition cost of the 
cell. The acquisition cost mainly refers to the sale price 
of the cell offset by an estimated recyclable value (the 

disposal value of the cells). The acquisition cost includes 
the design cost, the production cost, the gross profit 
gained by cell producer, the taxies placed on the cell and 
the freight, etc. The cell production cost mainly includes 
various material costs, labor cost, power cost and depre- 
ciation of fixed assets, etc. 

In the first path, the total cost may be calculated ac- 
cording to Formula (1). In Formula (1), l is the operating 
time or the actual service time of the cell, CT denotes the 
total cost, C and v are separately the constant cost meas- 
ured in unit active area of the cells and the variable cost 
coefficient based on charge quantity, and the definite 
integral is the total charge quantity. Both C and v are 
called the cost constants.  
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2.2. Multi-Constant Cost Model 

The second path may be different from and associated 
with the first one. As the second path, the user can indi- 
rectly gain electrical energy supply from a power agent 
who purchases the cell and fuel; this path may be appli- 
cable to large-scale stationary power users. In the second 
path, the power agent would be an investor, so his earn- 
ings yield and charge policy would be involved in the 
cost calculation. The core of the problem is the consid- 
eration of the capital cost, one more cost item than those 
in the first path. This cost item is quite complex, as it has 
no simple fuel consumption dependences like those in 
the first path. 

Assume that the investor gets the same fuel cell system 
at the same expense and by the same way with the ter- 
minal user in the first path, and consider such a charge 
policy: the electricity cost is charged periodically and 
equally, and once at the endpoint of each period; if the 
total apparent service time of the cells can be not divided 
exactly by the charge period, the residual is regarded as 
the last one normal period, but the electricity cost during 
the residual apparent service time is charged in the pro- 
portion of the residual apparent service time to one 
charge period at the endpoint of the last period. Treat the 
electricity cost as an annuity is done, then the total cost 
can be expressed as Formula (2). See Appendix for de- 
tailed derivation. 
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where, θ is the earnings yield during a charge period T; k 
is the ratio of the apparent service time to the actual ser- 
vice time of the cells (for example, if the actual service 
time of the cells is 8 hours per day, then k = 24/8 = 3); 
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kl T    is an integral number not more than kl/T; Ca and 
Cr are the acquisition cost and the estimated recyclable 
value of the cells measured in unit active area, respec- 
tively, and Ca – Cr = C; the implications of other symbols 
are the same with in Formula (1). 

2.3. The Choice of Cost Model 

By comparing Formulae (1) and (2), the second cost 
classification may lead to more cost constants than the 
first one. Apparently, the total costs in the two paths are 
different, but the real expenses of a terminal user in the 
two paths may be the same in nature. In economic es- 
sence, the user seemingly pays the additional interest in 
the second path, while the interest essentially corre- 
sponds to the opportunity cost that is paid by the user for 
his purchase in the first path. 

Because of high complexity of the calculation of total 
cost, the multi-constant cost model may make concise 
parameterization of the maximum cost performance al- 
most impossible. Since total costs in the two models are 
equivalent in nature for a terminal user, this is to say, the 
opportunity cost reflected in the second path has actually 
been included in the total cost in the first path. We 
choose the first model for the following cost performance 
formulation. 

The second model may lay much stress on return on 
capital and make a simple problem complicated. The 
same shortage also exists in some of previous cost mod- 
els [1,2,4]. Besides, because of more parameters involved 
in the calculation of the total cost, it may become more 
difficult to combine them with the ideal cell model. 
Moreover, the operating time of the cells was measured 
in years to cater for annuity calculation, which may im- 
pair the practicability of the models more or less. 

3. Formulation of Cost Performance 

3.1. Parameter for Cost Performance 

A proper parameter should be carefully selected to mea- 
sure the cost performance. Power-specific cost [6-8] or 
area-specific cost [2] was frequently used to evaluate 
PEM fuel cells or their components. However, for the 
comprehensive quantitative estimation of the cost per- 
formance of PEM fuel cells, ECR may be more proper in 
cost-benefit principle. The reciprocal of ECR, cost-elec- 
tricity ratio [1,3,4], may be acceptable likewise, but it 
may mainly serve to evaluate electricity price of the cells. 
In this work and the next, ECR is adopted as it may be 
more competent for operation optimization of the cells 
based on cost performance maximization. 

3.2. ECR Basic Expression 

PEM fuel cells are used to provide electrical energy, so 

the electrical energy would be the product of the power 
generation. Thus, bearing an analogy to the benefit-cost 
ratio of the production using a machine, the ECR of fuel 
cell power generation refers to the ratio of the total elec- 
trical energy provided by the cells to the total cost need- 
ed for the electrical energy.  

According to the definition, in the constant-power 
mode, the ECR of the fuel cell power generation can be 
expressed as Formulae (3) and (4) separately according 
to the two- and multi-constant cost models. Formulae (3) 
and (4) are separately called the first and second ECR 
basic expressions in which R denotes ECR and P denotes 
power density. Here, the second ECR basic expression is 
given only for a reference 
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A comparison between the first ECR basic expression 
and the basic expression for the average energy effi- 
ciency given in our last work [9] may well reveal the 
close connection between the average energy efficiency 
and the ECR. It may be indicated that an internal fusion 
of average energy efficiency and cost items is required 
for the ECR calculation, while the external fusion in 
which the average energy efficiency was included as an 
independent parameter [1,3] may not be the most appro- 
priate treatment. 

3.3. ECR Equations 

The ECR first basic expression can be unfolded as the 
average energy efficiency basic expression has been done 
[9]. To get the ECR basic expression manifested, the 
relationship between l and j should be firstly obtained, as 
given in Formula (5) or (6). It is derived by jointly 
solving the cell and load characteristic equations accord- 
ing to the ideal cell model. See our recent works [5,9] for 
details of the two characteristic equations. 
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In Formulae 5 and 6, U is cell voltage; α, λ, β and μ are 
cell characteristic constants: known as the polarization 
constants, the former two are the slope and the intercept  
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0

of the linear part of the initial steady-state polarization 
(SSP) curve of the cells, and known as the degradation 
constants, the latter two are the change rates with time of 
the slope and the intercept; β and μ are not zero at the 
same time. 

Substituting Formula (5) or (6) into Formula (3) gives 
three ECR formulae as shown in Formulae (7)-(9), corre- 

sponding to three different kinds of cell degradation cha- 
racteristics. Formulae (7)-(9) are all called the ECR 
equation that comprehensively describe the ECR evolu- 
tions of PEM fuel cells as cell voltage, current density, 
load magnitude, operating time, cell initial performance, 
cell degradation parameters and cost characteristics of 
the power generation. 
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In Formulae (7)-(9), j0 denotes the initial operating 
current density given as: 
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3.4. The Application Range 

According to our recent works [5,9], the working zone 
may well define the whole operating range of a cell, so it 
may just be the application range of the ECR equation. In 
j/U plane, the working zone is an enclosed area by the 
initial SSP curve, the final SSP curve or the absolute life- 
time end-curve, the relative lifetime end-curve and the j 
= 0 line. The former two curves are proximately repre- 
sented separately by Formulae (11) and (12), and the 
third curve has three analytic expressions as given in 
Formulae (13)-(15), depending on different cell degra- 
dation characteristics. In Formula (12), La denotes the 
absolute lifetime of the cells. 
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The working zone may be further divided by the criti- 
cal load curve (or the minimum relative load curve) into 
two subzones including the absolute lifetime zone and 
the relative lifetime zone. No matter what the degrada- 
tion characteristics of the cells are, the critical load curve 
can be represented with Formula (16). 
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where, Plow is the critical load power density. 

3.5. The Transplantability 

Although the ECR equation is derived based on the ideal 
cell model in company with the two-constant cost model, 
it can be translated to a diversity of real cells. This is 
done through regularizing real cells with the ideal cell as 
prototype to formally revise real cells. There may exist 
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some error in the regularization, but such a revision 
treatment may greatly facilitate the ability of the equation. 
See our recent work [5] for details of the revisions. 

4. Overviews of Cost Performance 
Evolutions 

4.1. ECR Contour Equation 

On account of load power density contained, the ECR 
equation like Formulae (7)-(9) may go against straight 
exhibition of the ECR evolutions. For this reason, For- 
mulae (7)-(9) are converted into their second form, as 
shown in Formulae (17)-(19), by substituting P Uj  
into them. Correspondingly, Formula (10) is turned into 
Formula (20). 
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In j/U plane, Formulae (17)-(19) can present them- 
selves as an ECR contour plot: the points of the same 
ECR constitute an equal ECR curve, and a series of equal 
ECR curves add up to an ECR contour distribution map. 
So, Formulae (17)-(19) may also be called the ECR con- 
tour equation, the second form of the ECR equation. 

4.2. ECR Distributions 

Similar to the treatment of the energy efficiency evo- 
lutions [9], the ECR evolutions can also been straight 
exhibited in j/U plane. This is done with the working 
zone as the medium, and results in the ECR distributions 
by drawing the ECR contours at regular intervals in the 
working zone. Again, the deconvolutions of the working 
zone by load curves and SSP curves may assist in 
analyzing ECR distributions and observing ECR evo- 

lutions. 
Some distributions are displayed as examples in the 

next. In these distributions, curves abc, de, cd and bd are 
the initial SSP curve, the final SSP curve, the relative 
lifetime end-curve and the critical load curve, respec- 
tively; points a and e separately are the starting points of 
the initial and final SSP curves; points c and d separately 
are the intersection points of the initial and final SSP 
curves with the relative lifetime end-curve; point b is the 
intersection point of the critical load curve with the initial 
SSP curve; and dotted load curves at regular intervals of 
power density are also given. 

4.3. Examples for Real Cells 

The cost performance evolutions of real cells as operat- 
ing time and load magnitude may be of interest. Here, we 
would display three examples as shown in Figures 1-3 
separately for three real samples including two single 
cells and a 135-cell stack. Their working zones are all of 
ideally revised editions and the cell constant values are 
given in Table 1. See documents [5,10,11] for details of 
these samples. Without detailed cost information, both 
cost constants are roughly estimated at the same value for 
the three samples, as given in Table 1. 

Given cell constants and cost constants, the ECR con- 
tour equation may be a two-variable function about cell 
voltage and current density. Thus there surely exists an 
operating point of the maximal ECR value in the working 
zone for any cell. This operating point is just the maxi- 
mal cost performance (MCP) point, thus the ECR con- 
tour equation may contribute to find the MCP point for 
given cells and choose the optimal initial operating (OIO) 
point. The location of the MCP point may resolve the 
contradiction between efficient and full uses of the cells. 

As seen from the ECR distributions in Figures 1-3, the 
MCP points of the three samples are located at almost the 
same site, around the endpoint of the critical load curve. 
The average efficiency for the three samples is calculated 
separately at around 38.00%, 36.35% and 38.25% ac- 
cording to the average efficiency formulae given in our 
last work [9], and the MCP is estimated separately at 
about 0.53, 0.61 and 0.57 kWh·$−1 of ECR according to 
Figures 1-3. Obviously, the estimated MCP values may 
be much closer to one’s sensation of present commercial 
situation of PEM fuel cell power generation in compari- 
son with the result, 0.04 $·kWh−1 of electric price or 25  
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Figure 1. The ECR (kWh·$−1) distribution of a real single 
cell in its ideally revised working zone. The dot curves are 
the load curves at 50 mW·cm−2 intervals and the critical 
load power density is 329 mW·cm2. 
 

 

Figure 2. The ECR (kWh·$−1) distribution of another real 
single cell in its ideally revised working zone. The dot 
curves are the load curves at 50 mW·cm−2 intervals and the 
critical load power density is 492 mW·cm2. 
 

 

Figure 3. The ECR (kWh·$−1) distribution of a real 150- cell 
stack in its ideally revised working zone. The dot curves are 
the load curves at 50 mW·cm−2 intervals and the critical 
load power density is 449 mW·cm2. U denotes unit-cell- 
averaged voltage. 
 
kWh·$1 of ECR, from other calculation model [3]. 

Move upstream along the critical load curve to the ini- 
tial SSP curve, then the OIO points of the three samples  

Table 1. The values of cell constants and cost constants in 
Figures 1-3. 

 Figure 1 Figure 2 Figure 3 

α (Ωcm2) 0.299 0.237 0.246 

β (Ωcm2·h1) 1.911 × 104 0 1.393 × 105 

Λ (V) 0.803 0.854 0.834 

μ (V·h1) 0 1.900 × 104 4.304 × 105 

La (h) 1000 900 790 

C ($·cm2) 0.4 0.4 0.4 

v ($·C1) 1.0 × 10−7 1.0 × 10−7 1.0 × 10−7 

 
can be located. As seen from Figures 1-3, the operating 
voltage at the OPO point is 0.66 V, 0.69 V and 0.67 V, 
respectively, for the three samples. These values coincide 
with the practice of PEM fuel cells on the selection of 
initial voltage. Avoidance of catalyst corrosion was once 
one of the considerations for the practice. Now it may be 
understood the practice seems motivated more inherently 
by economical consideration. It may also be seen from 
Figures 1-3 that the initial current density for each sam- 
ple is located in the linear polarization region of the SSP 
curve, which may well support the fourth assumption 
about the ideal cell model [5]. 

5. Extended Discussion 

Besides for operation optimization and cost performance 
comparison, the ECR equation may also serve to predict. 
Here, we take three ideal cells of long lifetime as samples 
to see the cost performance evolutions. The samples are 
of the totally same polarization characteristic and sepa- 
rately of three different kinds of degradation characteris- 
tics. Two levels of constant cost and two levels of vari- 
able cost coefficient in total are taken equally for each 
sample. See Table 2 for the values of the cell constants 
and cost constants. 

Twelve ECR distributions in total are displayed in Fig- 
ures 4-6. From them it may be seen that the MCP point 
doesn’t happen at the critical load curve and even not at 
the absolute or relative lifetime endpoint for the cells of 
long lifetime. From the ECR distribution changes with 
cell characteristic and cost characteristic displayed in 
Figures 4-6 and in company with the ECR equation, 
more insights can be inferred: 
 

Table 2. The cell constant values in Figures 4-6. 

 Figure 4 Figure 5 Figure 6 

α (Ωcm2) 0.257 0.257 0.257 

β (Ωcm2·h1) 2.083 × 105 0 2.083 × 105 

λ (V) 0.751 0.751 0.751 

μ (V·h1) 0 8.333 × 106 8.333 × 106 

La (h) 32,784 42,998 17,202 

Copyright © 2013 SciRes.                                                                                  EPE 



H. F. ZHANG, P. C. PEI 7

 

 

Figure 4. The ECR (kWh·$−1) distributions of the first ideal cell under cost characteristics (A) C = 0.4 $·cm−2 and v = 0.5 × 
10−7 $·C−1; (B) C = 0.4 $·cm-2 and v = 1.0 × 10−7 $·C−1; (C) C = 2.0 $·m−2, v = 0.5 × 10−7 $·C−1 and (D) C = 2.0 $·cm−2 and v = 1.0 
× 10−7 $·C−1. The dot curves are the load curves at 50 mW·cm−2 intervals and the critical load power density is 150 mW·cm−2. 
 

 

Figure 5. The ECR (kWh·$−1) distributions of the second ideal cell under the same cost characteristics with the first one. The 
dot curves are the load curves at 50 mW·cm−2 intervals and the critical load power density is 150 mW·cm−2. 
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Figure 6. The ECR (kWh·$−1) distributions of the third ideal cell under the same cost characteristics with the first one. The 
dot curves are the load curves at 50 mW·cm−2 intervals and the critical load power density is 150 mW·cm−2. 
 

1) Improving cell performance (i.e. increasing λ and/or 
decreasing α, β and μ), lowering the power generation 
costs and selecting the optimum load power and operat- 
ing time, would be the three ways to maximize the cost 
performance of the PEM fuel cell power generation and 
thus to successfully commercialize PEM fuel cells. 

2) The cost performance of the PEM fuel cell power 
generation in a given cell would be not a constant but a 
variable depending on the load power density and the 
operating time. There surely exists a MCP point in the 
working zone of the cell, whose ECR value may quanti- 
tatively indicate the technical level of the cell. 

3) The MCP point is jointly determined by the cell 
characteristic and the power generation cost characteris- 
tic, and it possesses three attributes: the maximum ECR 
value, the optimum load power and the optimal operating 
time. So the MCP point would indicate not only the best 
achievement of the PEM fuel cell power generation but 
also the conditions for the achievement. 

4) The full level of the PEM fuel cell power generation 
technology does not require a too long absolute lifetime 
for some cells. In one of the sampled cases, about 25,000 
hours may be enough. It can clearly be seen from Figure 
5 that the maximum ECR of the PEM fuel cell power 
generation can be achieved as long as the absolute life- 
time of the cell is as long as the optimal service time. 
Only in the case of the absolute lifetime less than the  

optimal operating time, the absolute lifetime of the cell 
may be worth increasing.  

5) If there may exist a requirement for the ECR, the 
service time of the cell would be restricted, and this may 
lead to an economic lifetime of the cell. Different from 
other lifetime forms of the cell, the economic lifetime of 
the cell would be subjective, and it can be figured out 
according to the ECR equation, the cell characteristic 
equation and the requirement regarding the ECR. 

6) A good PEM fuel cell recycle policy would be of 
great significance for the substantial commercialization 
of the PEM fuel cell power generation technology. A 
PEM fuel cell would have many recyclable components 
or materials of high value such as flow-field plate, noble 
metal etc. A circular use of the recyclable components 
and materials at an appropriate price would be in favor of 
the increase of the cost performance of the PEM fuel cell 
power generation. 

7) Due to the variable cost, the influence of the con- 
stant cost on the cost performance of the PEM fuel cell 
power generation would be weakened greatly. 

6. Remarks 

In the derivation of the ECR equation, only the linear 
polarization region of the cells is taken into consideration. 
This treatment may be allowable. From the derivation of  
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the ECR equation it may be understood the unfolding of 
the ECR basic expression will become more difficult if 
without this treatment. Although this treatment would 
produce error for the ECR calculation in the activation 
polarization region, it may seldom affect the determina- 
tion of the MCP point. Intuitively, the MCP point may 
rarely occur in low load power range that corresponds to 
the activation polarization region. In the examples of 
ECR distribution in Section 5, distinct activation polari- 
zation regions are intentionally displayed to remind of 
the treatment. In quite a few real cells, the activation po- 
larization region appears indistinct, which may more 
support this treatment as discussed in Section 4.3. 

7. Conclusions 

Cell performance, degradation characteristic, service life- 
time, load magnitude and power generation cost are suc- 
cessfully fused into an organic whole for formulation of 
the cost performance of PEM fuel cells. There are two 
economically equivalent cost models in total for mathe- 
matical characterization of the total cost. But only one of 
them, the two-constant cost model, well suits the purpose 
of combination with the five-constant ideal cell model by 
virtue of conciseness. The combination produces an in- 
clusive electricity-cost ratio (ECR) equation that has 
three analytical expressions. 

The equation allows of straight overviews of the cost 
performance evolutions along with load and time as well 
as cell and cost in the working zones in the form of ECR 
distribution. And it can be translated to a diversity of real 
cells by formal revision of them. The applications to real 
cells confirm its validity for operation optimization and 
technique evaluation of PEM fuel cells. And it well ac- 
counts for the practical selection of the initial operating 
point of PEM fuel cells. 

Any PEM fuel cell surely possesses an economically 
optimal operating endpoint where the ECR value may 
quantitatively indicate its technical level. The optimal 
operating end-point possesses three attributes: the maxi- 
mum ECR value, the optimum load power and the opti- 
mal service time. It would indicate not only the best 
achievement of the PEM fuel cell power generation but 
also the conditions for the achievement. And the full 
level of the PEM fuel cell power generation technology 
does not require a too long absolute lifetime for some 
cells. 
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Appendix 

With A denoting the charge quantity in a whole charge 
period at the endpoint of each period, the total cost and 
the ECR can be expressed separately as Formulae (A.1) 
and (A.2) in the second electricity supply path. 
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According to the charge policy, the total present value 
of the costs paid by the user can be expressed as in For- 
mula (A.3). The first term represents the sum of present 
value of the cost paid in every normal charge period at 
each side of equal sign, and the second term represents 
the present value of the cost paid in the residual apparent 
service time. 

   

 

The total present value of the capitals committed by 
the investor can be expressed as Formula (A.4). The first 
term represents the present value of the acquisition cost 
of the cell, the second term represents that of variable 
cost, gained from the present value differential,  
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, and the third term represents that of esti- 

mated recyclable value of the cell. 
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According to cost management principle, the total pre- 
sent value of the costs paid by the user should be equal to 
the total present value of the capitals committed by the 
investor, thus the charge quantity in a whole charge pe- 
riod can be expressed as Formula (A.5): 

 

   

0

1

1 d 1

1 1
1

kl kll
T T

a r

kl
klT
T

C v j l C
A

kl kl
T T

 






 

         

   


          


  (A.5) 

Substituting Formula (A.5) into Formula (A.1) gives 
Formula (2) and into Formula (A.2) gives Formula (4). 
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