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Abstract 
Finite supply of non-regenerative resources triggers a competition between economic 
entities or between areas, which requires the ways regarding their utilization with 
higher levels in science and the standards regarding their use with higher efficiency 
in economics. To solve a problem of process evaluation in science and of driving 
force in economics during a process design or a process run for natural resources 
utilization, a process evaluation parameter originated from natural gas hydrate prep-
aration from a small scale to industrialization scale and the equation of the criterion 
dependent are introduced to evaluate a variety of processes of natural resources uti-
lization. The analyses indicate that the parameter is relevant to internal undeveloped 
resources amount change with a stable mass composition in a virtual black box mod-
el and external variable market with an implication of process efficiency in economy 
or of process efficiency of resource utilization and that the parameter has similar 
features of the thermodynamic state functions. Moreover, the equation of the crite-
rion provided is a difference between the value of the process evaluation parameter at 
the final state and the value of the process evaluation parameter at the initial state in 
an actual process, which can be used to determine the direction of development and 
to judge the size of the driving force in an actual process or an economical run. The 
provided examples and correlative mathematical description can guide how an iden-
tification for the undeveloped resources and a real-time adjustment of dynamic pro-
duction for the developing resource are done and how decisions regarding resource 
exploitation, the venture forecasting of capital utilization and updating technology 
are made. The parameter used itself and the equation of the derived criterion can 
help by playing a predictive role for selecting the optimal use processes and for de-
signing new process of the natural resource utilization or capital use, and by playing 
a practical role for adjusting factual production status and for improving the actual 
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process of the utilization of resource or capital in an economic society. Finally, those 
closed resource systems having accumulation or depletion of the resources or a variable 
mass such as a decomposition system, a fission system and a biological reproduction 
system will become possible future research objectives under the guide of this work. 
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1. Introduction 

Twenty-first century is a vigorous century, new scientific discoveries and new produc-
tion methods are emerging constantly. New concepts such as computer virtual re-
sources platform, networking and three dimensional printing technology also have 
brought us new perspectives and new opportunities to our production and our livelih-
ood in this buoyant century [1] [2]. However, while those new resources are created 
from a virtual world we still rely heavily on our conventional entities of natural re-
sources, especially for our non-regenerative resources in our natural world although 
great progress has been made in science and technology. Because of their limited 
supply, non-regenerative resources have received significant attention continuously and 
continuously, the standards regarding their use and how they are used, which is directly 
linked to every aspect of the economy [3] [4] [5]. All of those associated issues deter-
mine directly whether the economy can maintain sustainable development [6] [7]. 
Therefore, a mean for scientific development or an effective way of a real-time adjust-
ment should be adopted to exploit non-regenerative resources to maximize the effi-
ciency of use and the economic value.  

Generally natural resource exploitation occurs under the following circumstances: 1) an 
identification of developed technology for undeveloped resources and 2) a dynamic produc-
tion real-time adjustment for developing resources under a certain developing technology.  

To address the first issue, design and compare current schemes of scientific research, 
production schemes and monitoring schemes in current industry for each circumstance 
must be done. An appropriate project to implement various processes of natural re-
source utilization from these comparisons and analyses also must be selected. Compar-
ative studies of Pete Parker et al. found that external capital input could alleviate the 
dependence for the local natural resources and that local natural surroundings could 
be protected effectively though there existed a good development way to those natural 
resource in modern society [8]. However, this is limited to some special conditions such 
as conservation area project. To maintain the sustainable development of economy, 
natural resource found still needs to be developed rationally and to be utilized effi-
ciently. Data investigations of Yuasa K. et al. showed that district heating and cooling 
not only could decrease consumption by resource saving but also could play multiple 
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roles for solving some problems such as energy conservation, urban disaster preven-
tion, and global environment protection [9]. Comprehensive investigation of Ma Y.F. et 
al. showed that a lignite-fire power generation process based on boiler with an open 
pulverizing system had had higher levels in technical layers such as overall thermal effi-
ciency, the water consumption and the pollutant emissions [10]. These mentioned 
samples indicated that conventional natural resources had had their own operational 
model in our modern society and that a decision on whether the natural resource 
should be exploited or on how the development objectives of the natural resource were 
should be made when the natural resource was being faced diversified development op-
tions. It requires that use ways of the natural resource must be optimized before natural 
resources can be implemented. However, so far there is not still an excellent state on 
what the uniform standards are to evaluate these operating processes in our market 
economy and on how the decisions should be done facing a variety of choices of the 
natural resources development in our market economy. Thus, process evaluation and 
optimal selection methods will be introduced in this work, which will advance the actu-
alization of resource conserving efforts and environmentally friendly production. 

To address the second issue, real-time efficiencies of the input resources to the out-
put resources or of the input capital to the output capital in terms of market change 
needs to be recorded and will be used to make a decision on production adjustment 
facing varied market status. Substantial efforts had been made to describe those rela-
tionships among resources, surrounds, economy and society in recent decades. Investi-
gation of Roelich K. et al. showed that some regulation means such as the communica-
tion technologies, the service levels and interconnectedness of infrastructure systems 
could have decreased levels of resource use effectively [11]. Investigation of Yakimchuk 
S.V. showed that human capital development would have played a regulatory role and 
would have become gradually an important factor in his investigated regions and that 
would have formed a new intellectual economy in the future [12]. Investigation of 
Warwick P.D. showed that unconventional natural resources such as coal bed me-
thane, gas shale and shale oil had been becoming a substitute product and a necessary 
supplement for the conventional natural resources in our daily production and life [13]. 
These evidences showed that new technologies and new wisdoms would have improved 
primary development surroundings of the natural resources and that unconventional 
resource also would have turned to become a realtime adjustment mean as an essential 
alternatives in the entire economic system. However, all these efforts merely can do 
qualitative analysis on how the adjustment way may be done, which also cannot sub-
stantially solve the second issue or which can simply provide quantitative correlation 
with a certain regulatory mode. Thus, this distance is still far to solve authentically the 
real-time adjustment problem in efficiency. 

A process evaluation parameter, a derived parameter stemmed from natural gas hy-
drate preparation from a small scale to an industrialization scale, will provide a possi-
bility and an effective road to help us solve above two kinds of issues [14]. Thus, herein 
the parameter will be introduced in detail from its characteristics to its applications and 
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the fundamental criterions will be provided for those judgments and those decisions 
before and during the economic activities in this work. Finally, the parameter and the 
criterions will be used to investigate process economics of natural resource utilization 
by introducing instances, which will provide some specific references for the diversified 
cases of natural resources utilization. 

2. Process Economics Criterion 

An economics process is assumed to become a thermodynamics process in this paper, 
thus thermodynamics viewpoints will be applied to characteristic investigation of the 
process evaluation parameter abovementioned and of the criterion of process economics.  

2.1. Process Evaluation Parameter 

Process evaluation parameter Ω rooted in natural gas hydrate storage and transporta-
tion technology not only was used to evaluate industrial processes from a small scale to 
industrialization scale and also was given a wider range of implications [14]. Analysis 
reveals that the Ω parameter is a dimensionless quantity similar to a value signal of the 
input-output for the current investigation. A schematic diagram of a virtual process 
system and a more extensive definition in terms of the process efficiency in economy is 
provided in more detail. Schematic diagram is shown in Figure1 and the expression of 
the parameter is written in Equation (1).  

i

O

V
V

Ω =                              (1) 

where Ω is the process evaluation parameter for the systems and Vi and VO are the re-
source inputs and outputs or the capital inputs and outputs, respectively.  

Herein the virtual process in Figure 1 is assumed to become a serial of impending or 
ongoing affairs within a virtual black box frame including the resource activities with a 
constant mass composition. Vi and VO can be generally replaced by the monetary value 
of the input and output resources or by the capital inputs and the capital outputs asso-
ciated to the external market. The parameter is a function between internal activities of 
the model in Figure 1 and external market value movement, which bridges defects be-
tween internal resource amount change or internal resource movement of an actual 
process system and an external varied market factors in a certain time.   

Alternatively, analyses also show that the process evaluation parameters significantly 
affect not only the aforementioned undeveloped and a developing resource excavation, 
but also the existing resource utilization in financial terms. The parameter can be divided 
into two halves for analysis: dynamic resources with practical monetary value and steady 
resources with potential value at a time point. The process evaluation parameter is a ratio  

 

 
Figure 1. Schematic diagram of a virtual process system.  
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of these two sub-parameters. For steady or undeveloped resources, the identification of 
the most appropriate development pathway often needs to be discussed. However, ac-
curate investment should also be fully considered for dynamic resources or capital. By 
observing different process evaluation parameters in the economy, the capital could be 
identified for the best investment choice, including the resource application, to avoid 
risk [15] [16]. If these functions of the process evaluation parameter are considered as 
predictive properties, they can serve as a practical property, which indicates that the 
process evaluation parameter will continue to decrease due to the effect of science and 
technology advancements on the process evaluation parameter for a specific and social 
production process in the long run. With the progress of the production process or use 
of new technology, process improvements and management enhancements will de-
crease the value of the process evaluation parameter. In other words, it is a practical 
function that describes the decrease in the parameter. Generally, the process evaluation 
parameter should be compared with other parameters of a similar process in social 
production and an optimization of the parameter should be done subsequently, whose 
value will become a base to further process design and to form a plant. However, how 
can those functions of the process evaluation parameter be exerted in different time 
during the production period when capital is being fed to the developing resources 
continuously to yield a required product and how can the terminal of the developing 
process be identified? All these problems also will be able to be answered in terms of the 
expression in Equation (1) and will be considered as a practical property synchron-
ously. Here the equation will be regarded as an efficiency in economics in any specified 
time before and during the period of the natural resource utilization. Generally, the 
value of the process evaluation parameter will fluctuate up and down around the in-
itial set value and will be adjusted to controlled area by designed redundancy and by 
market regulation mode. Once all these adjusted methods cannot overcome the pres-
sure from the external market or the efficiency in economics is too low to gain profita-
bility, the time point can be considered to become a terminal for the resource utiliza-
tion. Although the parameter has predictive properties and practical properties in natural 
resource utilization and in capital utilization, we are more concerned about how the 
process direction is determined and how the driving force is in science. Therefore, the 
criterions of the process movement and the size of the driving force will be elaborated 
in next sub-section.  

2.2. Expression of Criterion 

The process evaluation parameter is a function of the level of science and technology 
advancement and resource consumption [14]. This relationship is written as follows:  

( ),f ST RCΩ =                            (2) 

where ST and RC denote the level of science and technology advancement and resource 
consumption and f is an arbitrary function.  

The Equation shows that the process evaluation parameter can be mathematically 
expressed in the form of equations that can be solved according to the state of scientific 
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advancement, resource conditions, etc.  
Research indicates that the process evaluation parameter is a function of similar cha-

racteristics with a state function of thermodynamics [17]. Each numerical value of the 
parameter represents a state with a certain level of science and technology advance and 
resource consumption and has implications of the process efficiency in economy or of 
the process efficiency of resource utilization. The theories of those thermodynamic 
process and the principles of capital economics will become thought sources of the cri-
terions of the process economics. Mathematical expression of the criterion is repre- 
sented to become a difference between the value of the process evaluation parameter at 
the final state and the value of the process evaluation parameter at the initial state in an 
actual process, which can be written as  

f i∆Ω = Ω −Ω                                (3) 

where ΔΩ, Ωf and Ωi are the change in the value of the process evaluation parameter 
between different states, the value of the process evaluation parameter at the final state 
and the value of the process evaluation parameter at the initial state.  

The difference in Equation (3) represents the size of the driving force of the actual 
process of the resource utilization and thus the equation can become a criterion of the 
process economics. Using the equation the direction of development can be determined 
and the size of the driving force also can be judged simultaneously in an actual produc-
tion process or a run in economics.  

If ΔΩ is less than zero, then it means that the production efficiency in economy or 
process efficiency of resource utilization at the final state is higher than that at the ini-
tial state. Thus, the process change is promising. In other words, this condition results 
in a driving force from an initial state to a final state; the process will continue to 
change from the levels of science and technology advancement or the conditions of re-
sources consumption. The process change positively correlates with the value of the 
process evaluation parameter and also with the amplitude of value’s variation of the 
process evaluation parameter.  

If ΔΩ equals zero, then it means that the production efficiency in economy at the final 
state is equal to that at the initial state. Thus, the process does not need to be changed. In 
other words, the initial and final process efficiencies of resource utilization are equal. If Ωi 
and Ωf are simultaneously equal to the average value of the process evaluation parameter 
of the entire society, then the production process at the final state cannot be improved 
from the levels of science and technology advancement or the conditions of resources 
consumption. It can merely be reproduced simply at a same level of social production.  

If ΔΩ is more than zero, the initial process is better than the final process. In other 
words, the production efficiency in economy or process efficiency of resource utiliza-
tion at the initial state excels that at the final state. At this condition, the process cannot 
proceed spontaneously from the initial state to the final state in perfect competition mar-
ket. In other words, an adverse direction is possible from the point of view of process 
efficiency in economy. Furthermore, the final process will be eliminated in social pro-
duction because of lower efficiency of resource utilization or capital use.  



W. F. Hao 
 

617 

However, if Ωi is infinite and Ωf is a constant for the development of the process, 
then ΔΩ will equal negative infinity. These values indicate that a significant amount of 
time will be consumed from an impossible process and to an available process by data 
analysis. If Ωi is a constant and Ωf is infinite for the development of the process, then 
ΔΩ is positive infinity, which indicates that the operating process will gradually lose its 
position and eventually disappear in social production because of almost no outputs 
from the variable tendency.  

These criterions indicate that the process evaluation parameter change in value or the 
parameter itself can help to identify the direction of an actual process and help to make a 
strategic decision to process selection or economic adjustment in social production.  

3. Application of the Parameter and of the Criterion 

In order to solve the first issue and the second issue abovementioned use of the para-
meter and of the criterions with regard to process economics will be illustrated in this 
section. Because the selection of a process and a real-time adjustment are still quite 
complicated to effectively utilize a natural resource, diversified considerations requires 
to be done. The key is an identification of the optimal use or the adjustable use mean of 
the natural resources in them. Concrete examples will be introduced in terms of the 
aforementioned principles to identify the best utilization and a real-time adjustment 
mean of the natural resources [18]. 

3.1. Use for Undeveloped Resources 

For undeveloped resources, the resource consumption is zero; thus, the process evalua-
tion parameter Ω will vary according to the following Equation 

( )f STΩ =                             (4) 

where ST denotes the level of science and technology advancement and f is an arbitrary 
function.  

In other words, the process evaluation parameter is merely related to the level of the 
natural and social sciences. The following examples indicate methods to select the processes 
to maximize the use of natural resources, such as coal, oil, natural gas, natural gas hy-
drate, uranium mine, and iron ore. The utilitarian values of the criterion will be re-
vealed by analyzing all kinds of choices of development scheme of following several 
common circumstances in terms of their levels of current science and technology.  

3.1.1. No Developed Technology 
Suppose a deposit of natural gas hydrate is found in a seabed, and the development ob-
jective is to obtain methane fuel [19]. However, the technology for industrial produc-
tion is not currently available. Under this condition the value of the process evaluation 
parameter at this initial state Ωi is infinite. If a constant value of the parameter for the 
final state Ωf is assumed while natural gas hydrate can be exploited with a higher effi-
ciency in economy. Then, the change in value of the process evaluation parameter ΔΩ 
approaches negative infinity at this condition, which is represented as follows 
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f i∆Ω = Ω −Ω = −∞                          (5) 

Thus, the process can proceed according to the assumed conditions. However, the 
development of practical technology for the exploration of natural gas hydrates is still 
in its infancy. In other words, it needs to consume a significant amount of time that the 
process evaluation parameter Ωf at the final state become a constant. Furthermore, this 
development also requires many tests [20]. The selection of processes for a given re-
source can only be discussed after the process matures. If we assume that natural re-
sources, such as natural cold energy, water power, solar energy, and wind energy, have 
zero cost in terms of the process evaluation parameter, then natural cold energy [21] or 
artificial cold energy converted from renewable energy, wind energy, or solar energy 
[22] [23] [24] [25] by electric energy as a transitional energy can be stored as natural 
gas hydrate. At that time the process evaluation parameter is smaller than for other 
conditions with resource costs. The parameter value is therefore helpful to overcome 
the economic hurdle posed by the inability of natural gas hydrate storage and transpor-
tation technology to compete with pipeline natural gas transportation and liquefied 
natural gas transportation from a theory [26] [27] [28]. However, if we approach this 
problem from the perspective of the practical function of the process evaluation pa-
rameter, then natural gas hydrate cannot be currently used as an economic storage and 
transportation for natural gas, and process improvements and process management 
enhancements still are necessary. It still will consume a lot of time that the process 
turns competitive. Therefore, a process is not currently from those analyses of the 
process evaluation parameter and the process evaluation criterion.  

3.1.2. A Single Option for Developed Technology 
If iron ore is found, the corresponding development goal is the use of its ferrum. The 
following steps can be performed for this analysis. First, the current market values and 
ultimate minable resource mass are estimated based on the ore grade. Second, the in-
vestment is calculated and an appropriate production model is selected according to the 
order of results to compare the process evaluation parameter of the different runs of 
iron and steel enterprises with the help of the above principles. At this time point the 
minimal value of the process evaluation parameter in them, Ωmin is assumed. After-
wards, the value will become a primary value designed at the initial state in the future 
resource development. Moreover, capital states, the future market demand, the beha-
vior of investors, national economic models, etc., must still be considered [29], after 
which the use of resources as raw materials or materials in a new plant should be de-
cided. Only after the analysis and study are completed for the aforementioned process, 
can the optimal resource allocation and the best economic values be identified. After 
the decision on setting up a new plant is made, the selected value of the process evalua-
tion parameter, Ωo, is written as Ω0 and the time is written as t0. Here the parameter, 
Ωo may be same as Ωmin and also may be equal to revised Ωmin after other factors is 
considered into the designed state. Moreover, the value of the process evaluation para-
meter at the initial time and the initial time are assumed to be Ω1 and t1 when the iron 
ore resource just begins to be utilized. With the progress of the time, the iron ore re-
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sources will proceed from t0 to t1 in term of designed way until the designed results of 
the iron ore resources is accomplished, whose process is considered as a non-sponta- 
neous process under the support of the selected technology with a large driving force 
from the external capital or the external resource. The change is described as following 
Equation: 

1 1 0∆Ω = Ω −Ω = +∞                         (6) 

In other words, the change in value of the process evaluation parameter ΔΩ1 ap-
proaches positive infinity in terms of the abovementioned principle and of the parame-
ter’s definition because Ω0 and Ω1 are a constant and infinity respectively. Once in-
vestment project is completed, the constructed process also ends.  

In conclusion, the process evaluation parameter itself and the change in value of the 
process evaluation parameter can judge the direction of the process and the ongoing 
extent of the process clearly facing single option of the resource utilization mode.  

3.1.3. A Number of Options for Developed Technology 
The development goal is to use the coal resources if a coal mine is found. Because of the 
multidimensionality of the development objectives, such as coal combustion heating, 
coal gasification for clean fuel, coal liquefaction for oil substitute, and coal carboniza-
tion, the factors in the processes selection for the application of resources are compli-
cated [10]. The following steps can generally be performed when considering these 
conditions. First, the current market values based on the coal quality and ultimate 
minable resource mass are estimated. Second, the developing routes are assessed. Third, 
suitable paths with the best process evaluation parameters in the different developing 
routes are selected according to steps cited for only a single option for developed tech-
nology. Fourth, the selected process evaluation parameters are compared, and the op-
timal process evaluation parameters, ΩO, are identified. Finally, certain concepts from 
having only a single developed technology are referenced to optimize the coal resource 
allocation. 

Suppose that the utilization options only include the above four routes for the coal 
under perfect competition conditions [30]. In this situation, the best utilization of re-
sources needs to be determined. The following steps lay out a specific process for se-
lecting the optimal coal utilization.  

1) Process Selection Analysis for Development Path 
a) Coal Combustion Heating 
First, the heat efficiencies of different coal combustion processes in industry are 

compared, and the process evaluation parameter values are given and ranked. Second, 
the appropriate process evaluation parameter, Ω1, is selected. Finally, the coal combus-
tion process and devices are determined.  

b) Coal Gasification for Clean Fuel  
The process evaluation parameters for different coal gasification processes in indus-

try are compared and ranked, and the appropriate process evaluation parameters, Ω2, 
are given. Next, the coal gasification process and devices are determined. 

c) Coal Liquefaction for Oil Substitute 
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At present, the technology is limited to the small-scale and scaled-up experimental 
plant. Industrialized experiments must be processed. Therefore, the process evaluation 
parameter values, Ω3, are generally greater, and the experimental processes cannot be 
used to produce an oil substitute that is more competitive in the market. 

d) Coal Carbonization 
The process evaluation parameters are compared for the different coal carbonization 

processes in industry, and the appropriate process evaluation parameter, Ω4, is given. 
Afterwards, the coal carbonization process and devices are determined.  

2) Processes Comparison and Selection 
The above resource utilization processes are compared, and the optimal process 

evaluation parameter, Ω0, is selected. Generally, the smallest process evaluation para-
meter, Ωmin, is the best choice under perfect competition after other factors mentioned 
in last sub-section is considered adequately. That is,  

minOΩ = Ω                             (7) 

where ΩO and Ωmin denote the optimal process evaluation parameter and the smallest 
process evaluation parameter, respectively.  

Several concepts for the case of having only a single developed technology are refe-
renced to optimize the coal resource allocation under the condition of a market econ-
omy [31] [32].  

In conclusion, the change in value of the process evaluation parameter, ΔΩ, still ap-
proaches positive infinity. The size of the driving force or change of the parameter value 
still can become a criterion to guide the direction and the extent of the actual process.  

3.2. Use for a Developing Resource 

After a road of resources utilization is identified, use of the undeveloped resource will be 
put on the agenda. However, how the use adjustment of developing natural resources 
should do still is worth to be considered carefully. Comparative investigation of Uris M. et 
al. showed that limited natural resource should be provided to those units with a higher 
profitability in the allocation of biomass resources in terms of size of the plant, annual 
operation hours and price of biomass after the techno-economic feasibility assessment 
had been completed [33]. Gori F. used actual data from the market report to acquire 
model parameters of the mass and energy-capital conservations and the mathematical 
model equation was used to forecasts monthly price in a closed system when an oil field 
was being mined [34]. These investigations related to developing resources can help us 
make adjustments on the market allocations of the entire resources and can help us make 
investment risk prediction of the resources with a forward-looking view. But these works 
also merely can do qualitative analysis for the developing resources and cannot give a 
solution quantitatively. In other words, they cannot reveal the substantive relationship of 
the real-time adjustment among resources, market and adjustment means for the system 
of the developing resource. Since the process evaluation parameter Ω has its own resource 
attributes and its own social attributes and plays a multiple roles in prediction and in 
practice, it also can guide a real-time adjustment of developing resources. 
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When the developing resources are used, the process evaluation parameter Ω will 
vary according to the following Equation 

( )f RCΩ =                              (8) 

Now we should consider the internal resource status using black box model above-
mentioned. Assume total resources amount in a mineral deposit are M0 and M(t) when 
resource development time are 0 and t, respectively. Then the value of the process 
evaluation parameter Ω(t) at any time can be represented to become 

( )
( ) ( )

0

0

exp 1
i

M

t P
C

t
G P t

β
α
α

∆Ω = −
−  

                   (9) 

where PM(t), Pi0 and β(t) are a product market value in any time, an initial input value 
designed for undeveloped resource and a market dynamic adjustment function with 
any time for a different exploitation difficulty.  

Here Equation (9) is called as a process economics model of the natural resource uti-
lization. From the viewpoint of the model equation we can know that the relationship 
between the internal resource change and external markets of resource development 
has been established.  

Based on reference [34], total petroleum resource amount in a reservoir in any time 
can be written as  

( )
( )

0 0

1 exp t
M t M G

α
α

−  = +                      (10) 

where G0 and α are an initial extraction mass flow rate and an extraction rate.  
If Equation (10) is substituted to Equation (9), then the process evaluation parameter 

Ω(t) becomes 

( ) ( )
( ) ( )

0

0

exp -1
i

M

t P
t

t
G P t

β
α
α

Ω =
  

                     (11) 

where Ω(t), PM(t), Pi0, β(t), G0 and α are the value of the process evaluation parameter at 
any time, a product market value in any time, an initial input value designed for unde-
veloped resource and a market dynamic adjustment function with any time for a dif-
ferent exploitation difficulty, an initial extraction mass flow rate and an extraction rate, 
respectively.  

The equation reflects a ratio between input monetary value and output monetary 
value at any time during a petroleum exploitation, which includes resource develop-
ment status and external market conditions. From Equation (11) we can see that inter-
nal petroleum resource exploitation in a black box and external dynamic market are re-
lated by the process evaluation parameter at any time.  

The parameter value can be used to evaluate capital efficiency status in petroleum 
resource exploitation itself at any time neglecting the time lag at a real-time control and 
to compare with the parameter value at initial state and with other petroleum resource 
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development status in a market economics model, and finally to make an appropriate 
decision for a dynamic production real-time adjustment such as improving production 
rate or reducing production rate.  

Although the value of the process evaluation parameter at any time has a certain ef-
fect on assessing real-time capital efficiency in the petroleum resource exploitation, 
here we are still concerned about how to drive the resource exploitation between dif-
ferent states or how the power of resource exploitation is. Thus, the size of the driving 
force or the change in the value of the process evaluation parameter between different 
states still needs to be calculated and can be written as  

( )f i it∆Ω = Ω −Ω = Ω −Ω                         (12) 

where ΔΩ, Ωf, Ωi and Ω(t), are the change in the value of the process evaluation para-
meter between different states, the value of the process evaluation parameter at the final 
state, the value of the process evaluation parameter at the initial state and the value of 
the process evaluation parameter at any time, respectively.  

Because the value of the process evaluation parameter at the initial state is a constant 
selected from the designer of the process, here it is assumed as a constant value C. 
Substitute Equation (11) and the value of the process evaluation parameter at the initial 
state into Equation (12), the change in the value of the process evaluation parameter 
from the initial state to the final state becomes  

( )
( ) ( )

0

0

exp 1
i

M

t P
C

t
G P t

β
α
α

Ω = −
−  

                       (13) 

where ΔΩ, PM(t), Pi0, β(t), G0, α and C are the change in the value of the process evalua-
tion parameter between different states, a product market price in any time, an initial 
input value designed for undeveloped resource and a market dynamic adjustment func-
tion with any time for a different exploitation difficulty, an initial extraction mass flow 
rate, an extraction rate, and a constant, respectively.  

The change value of the process evaluation parameter in Equation (13) indicates the 
difference between the capital efficiency status in petroleum at a time and the capital ef-
ficiency status in petroleum at the designed time of the initial state. The difference can 
be shown in Figure 2 after the effect of the time lag is neglected under the stable market 
of perfect competition.  

Figure 2 indicates that the value of the process evaluation parameter at any time 
fluctuates with the value of the process evaluation parameter selected at the initial state 
from 0 to the twelfth years and will increases to infinity with the increase of the exploi-
tation difficulty of the petroleum resource. On the one hand, under the exploitation dif-
ficulty designed of the petroleum resource the function value of the process evaluation 
parameter at any time is adjusted in real-time to the set value by process improvements 
and management. On the other hand, the function value of the process evaluation pa-
rameter at any time turns bigger and bigger until infinity because the exploitation diffi-
culty of the petroleum resource increases and the current technology has not been able to  
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Figure 2. Schematic diagram of the value of the process evaluation parameter at 
any time and of the value of the process evaluation parameter at the initial state. 

 
adjust the parameter to controllable area to face market competition. Thus, a new 
process evaluation with a new technology such as the secondary oil recovery and ter-
tiary oil recovery must be done to complete the next identification of the value of the 
process evaluation parameter from social production or scientific experiment under 
this condition.  

3.3. Applied Analysis 

The parameter and the criterion are not only proposed themselves in theory, but they 
can also be served to some assignments in practice. The parameter and the criterion in-
clude the natural and social attributes of natural resource utilization, as well as a dual 
predictive roles for future resource exploration or capital utilization and multiple prac-
tical roles whether before resources utilization and capital use or during resources uti-
lization and capital use. Whether considering resource extraction or capital utilization, 
the most basic function of the parameter and of the criterion are the appraisal of the 
processes, the identification of levels and determination of driving force of the process, 
which will become an important basis and provide significant information for the de-
velopment of resources and the venture forecasting of capital utilization [35] [36]. 
Moreover, the parameter and the criterion are predictive and practical for the develop-
ment direction of the process and can thus serve to guide the direction of scientific re-
search and engineering practice, such as the development of renewable energy storage 
technology for the storage of natural gas hydrate and the adjustment of the present 
preparation methods or improvements of comprehensive levels of natural gas hydrate.  

4. Conclusions 

The process evaluation parameter defined by the development processes of natural gas 
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hydrate synthesis technology and the formative kinetic criterions of the identification of 
process direction can guide the direction of general scientific development and make a 
decision for dynamic production adjustment during resource utilization processes. From 
the analyses and the applications of the parameter and of the criterion of the process 
evaluation, the following conclusions can be drawn:  

1) The parameter analyses indicate that the process evaluation parameter is relevant 
to internal undeveloped resources amount in a virtual black box model and external 
market. Moreover, the parameter has implications of process efficiency in economy or 
of process efficiency of resource utilization and has similar features of the thermody-
namic state functions.  

2) The equation of the criterion is a difference between the value of the process eval-
uation parameter at the final state and the value of the process evaluation parameter at 
the initial state in an actual process, which can be used to determine the direction of 
development and to judge the size of the driving force in an actual production process 
or a run in economy.  

3) The use examples of the parameter itself and of the criterion of the process evalua-
tion can guide how an identification of the process implemented in multiple options for 
the undeveloped resources and of a real-time adjustment mean of dynamic production 
for the developing resource should be done and how a decision regarding resource ex-
ploitation and the venture forecasting of capital utilization should be made before the 
exploitation of the natural resources and during the exploitation of the natural re-
sources.  

4) Process efficiency of natural resource utilization or capital efficiency in economy 
can be described by the value of the process evaluation parameter. The process evalua-
tion parameter can be drawn to become a variable curve with a time, which fluctuates 
with the process evaluation parameter selected at the initial state under the market 
condition of perfect competition. The point of inflection for the curve will have possi-
bility to become a symbol of the updating technology.  

5) The parameter itself and the criterion of the process evaluation can help by play-
ing a predictive role for selecting the optimal use processes and for designing new 
process of the natural resource utilization or capital use, and by playing a practical role 
for adjusting factual production status and for improving the actual process of the uti-
lization of resource or capital in an economic society.  

6) The investigated results are applicable to those closed resource systems without 
accumulation or depletion of the resources whose effective compositions always keep a 
constant, except for those systems with a variable mass such as a decomposition system, 
a fission system and a biological reproduction system.  
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Nomenclature 

General symbols 

C 
f 
G 

[-] 
[-] 

[kg·annum−1] 

A constant 
Function 
Mass flow rate of extraction for undeveloped resources 

M [kg] Mass 

P [dollar·kg−1] Product market priceper unit or Input value for a product 

 [dollar]  
RC 
ST 

[-] 
[-] 

Resource consumption 
Science and Technology 

t [s] Time 

V [dollar][kg] Resources utilization or mass 

Special characters 

α 
β 

[%·annum−1] 
[-] 

Resource extraction rate 
Resource exploitation difficulty function 

Δ [-] Change value of a parameter 

Ω [-] A parameter of process evaluation 

Subscripts 

1,2 
3,4 

 
State point 
State point 

i,f  Initial state and final state 

i,o  Input and output 

min  Minimum value 

0  Reference value or state point 
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