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Abstract: The main purpose of this study is to explore the carbon reduction environmental benefits
that can be achieved if carbon benchmarking is applied when semiconductor manufacturers in
Taiwan work to improve the technical efficiency of their carbon reduction efforts. The evaluation
method used is as follows. First, a technical efficiency measurement method that is capable of
considering both desirable outputs and undesirable outputs is used to measure the technical efficiency
of the carbon reduction efforts and identify the benchmark firms with the best technical efficiency.
Next, an attempt is made to estimate the greenhouse gas reduction that is realized by the sample if
their carbon reduction efforts are accompanied by the implementation of a benchmarking system.
Finally, the monetary value of the greenhouse gas reduction is estimated so as to develop a better
understanding of the carbon reduction benefits for the adoption of the process outlined above.
The empirical results show that using carbon benchmarking to raise the technical efficiency of carbon
reduction management would, on average, boost the annual sales revenue of each decision-making
unit by about US$486.6 million, while also bringing up the average annual CO2 reduction benefits
per decision-making unit by US$11.11 million per year.

Keywords: technical efficiency; carbon benchmarking; bootstrapped directional distance function;
social cost of carbon; semiconductor industry

1. Introduction

In order to cope with the possible impacts and challenges of global climate change on human
society, the design and implementation of various types of response measures to reduce greenhouse
gas emissions (GHGs) is one of the key issues for decision makers [1]. In Taiwan, following the
enactment of the Greenhouse Gas Emission Reduction and Management Act (the “Act” henceforth)
in 2015, it is anticipated that the general trend in government policy is toward the implementation
of a cap-and-trade system for GHG. Since the technology levels remain unchanged in the short term,
the imposition of compulsory GHG reduction requirements on industry implies that GHG sources
across many industries need to bear extra costs in their production processes in order to reduce GHGs.
In other words, there will be a significant trade-off between production activity and GHG reduction
measures. A key issue that needs to be addressed to reduce the magnitude of this trade-off between
production activity and GHG reduction measures is the question of how to maintain the steady
development of outputs from economic activity while still meeting GHG reduction targets. Among
the various response measures to tackling this issue, the key focus of attention for GHG emission
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sources is the implementation of the carbon benchmarking management in production processes, so
that improvements in technical efficiency (TE) can be used both to fulfill the GHG responsibility and
achieve continuous economic growth.

Conceptually speaking, what the TE indicator measures is the extent of the impact of the
management techniques used by the decision-making unit (DMU) on the efficiency of production
activities. That is, the higher a given DMU’s TE is, the less factor inputs that the DMU will require to
achieve a specified level of output (or the more output can be achieved with a fixed quantity of factor
inputs). Thus, TE is concerned with the enhanced production efficiency that can be brought about by a
DMU’s efforts in terms of improving its management. Therefore, the empirical measurement of TE is
also the foundation of carbon benchmarking in different industries.

TE measurement is widely used in management studies to address a wide range of production
management-related issues. So long as the inputs and outputs of production activity are defined, then
it is possible to use TE measurement to evaluate whether or not a DMU has succeeded in improving
its management. From a methodological perspective, of the many different TE empirical measurement
techniques that have been developed, the distance function method has been particularly widely used,
because it does not require input/output price data (which can be difficult to obtain); only quantitative
data are needed to measure the TE of specific DMUs. As regards output-oriented TE measurement,
this mainly involves setting a fixed level of DMU inputs, and then comparing the outputs of different
DMUs; the DMU with the best performance is defined as the most efficient DMU. With this type
of traditional measurement method, which assumes strong disposability, undesirable outputs such
as CO2 emissions equivalents (CO2 henceforth) can be freely discarded without paying any price
for them, and so they are usually left out of TE measurement with this method. As a consequence,
TE values measured using the traditional distance function cannot reflect the impact of the cost of
dealing with undesirable outputs on TE [2–10].

To remedy the weaknesses of the distance function when it comes to measuring TE with undesirable
outputs, previous research has proposed three alternative methods [11,12]. All of these methods seek
to measure the impact of undesirable outputs on TE. Of the three approaches, the directional distance
function approach has emerged in recent years as the main method for measuring TE with undesirable
outputs included, because it avoids the technical problems outlined above [13–23].

However, to correct the possible potential estimated bias of TE under the directional distance
function, a bootstrap algorithm was proposed by Simar et al. [24]. This algorithm can not only capture
the possible bias of TE estimates, it can also calculate the confidence intervals. For these reasons,
studies that have used the directional distance function to measure TE in recent years have innovatively
combined it with the bootstrap procedure to overcome the limitations mentioned above and improve
the robustness of TE estimates [25–27].

Specifically, the main focus of this study is the use of a TE method based on the bootstrapped
directional distance function approach to measure the TE of carbon reduction management in one of
Taiwan’s key industries: the semiconductor industry. In addition, the study estimates the monetary
benefit potential of the carbon reduction efforts, so that the results of carbon reduction can be presented
in the form of a benefit indicator to support the implementation of carbon benchmarking management
in the semiconductor industry. This paper is structured as follows: following this introduction, Section 2
explains the evaluation method, Section 3 discusses the sources of empirical data and the data-processing
procedures, Section 4 presents the empirical results and the analysis of these results, and Section 5
concludes this study.

2. Evaluation Method

2.1. Directional Distance Function

Within the traditional scope of the production economics field, the discussion of output sets was
initially focused on presenting possible relationships between factor inputs and desirable outputs.
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However, within a given production process, besides desirable outputs that create profits for the
DMU, there may at the same time be undesirable outputs, i.e., various types of pollution that may be
generated by production processes.

For production decision-making analysis, it is necessary for undesirable outputs to be incorporated
into the analytical framework. The earliest attempt to improve the research method in this regard was
the environmental production technology method proposed in Färe et al. [28] to bring undesirable
outputs into the output sets for analysis. The core concept here is the idea that the desirable outputs
and undesirable outputs within the production process represent a kind of conjoint production; i.e.,
any increase in desirable outputs within the production process will inevitably be accompanied by
undesirable outputs. The cost that must be borne in order to reduce these undesirable outputs may
take one of two forms, depending on the actual circumstances. If the undesirable outputs are readily
disposable, then reducing these undesirable outputs will not impose any significant costs. Taking
the pollution generated during the production process as an example, if the producer is located in
a jurisdiction where environmental regulation is weak, then the producer can freely emit pollutants
into the natural environment without paying any significant cost for this; in production theory, this is
referred to as “strong disposability”. The other possibility is that reducing the undesirable outputs
does impose significant costs. For example, it may be necessary to reduce the desirable outputs in
order to control the increase in undesirable outputs, or reallocate some of the resources that would
otherwise have gone toward generating desirable outputs for use in the reduction of undesirable
outputs; this is referred to as “weak dispensability”.

In order to transform the above concepts into a usable analytical framework, Chung et al. [2]
proposed the concept of the “directional distance function” to describe the simultaneous impact of
desirable outputs and undesirable outputs on the technical efficiency of production. As defined in
Chung et al. [2], the directional distance function for the output set P(X) can be expressed as follows:

→
D0(x, y, b; g) = maxβ

{
β :
(
y + β ∗ gy, b− β ∗ gb

)
∈ P(X)

}
(1)

where g =
(

gy,−gb
)

is the direction vector, denoting the movement of the DMU’s desirable outputs
and undesirable outputs in such a way to achieve enhanced technical efficiency. The β represents the
rate at which the efficiency of the DMU is improved through the movement of desirable outputs and
undesirable outputs in the direction vector g =

(
gy,−gb

)
, where β has a value ≥0. If, for example,

DMU βi has a value of 0.4 by comparison with the production boundary, then this indicates that the
output set for this DMU must change to

(
y + 0.4 ∗ gy, b− 0.4 ∗ gb

)
in order for it to be an efficient

producer. This means that the larger the value of βi, the further the DMU is from the efficient production
boundary, and the closer βi is to 0, the nearer that the DMU is to the efficient production boundary.

Later studies that make use of the directional distance function generally assumed that g = (1, −1),
following Chung et al. [2]. In terms of production decision-making behavior, this implies seeking to
maximize desirable outputs from the production process, rather than seeking to minimize undesirable
outputs, with desirable outputs increasing at the same rate that undesirable outputs decrease, i.e.,
gy = gb = 1. If management behavior is consistent with this analytical framework, it can be seen
that the setting of the direction vectors gy and gb is used to delineate the impact of different types of
management behavior on the output sets.

This idea can be explained by Figure 1 below. Assume an output set P(X) that incorporates both
desirable output y and undesirable output b for a certain DMU, the current output set is (y, b) = (w).
If further assuming strong dispensability, then the output set should fall within the area outlined by
points OEBCD. Regarding the potential room for increase in production efficiency, the DMU can move
up from output set (w) to output set (w2) using the direction vector g = (1.0). If, on the other hand,
controlling undesirable outputs incurs a cost, i.e., assuming weak dispensability, then the output set
should fall within the area outlined by points OABCD, and improving TE will only move the output
set from (w) to (w3).
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Figure 1. Environmental production technology output sets and the directional distance function. 
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Figure 1. Environmental production technology output sets and the directional distance function.

To obtain the TE of a DMU, the directional distance value needs to be converted into a function
that can differentiate between b and y. We therefore adopt the method employed in Färe et al. [17],
using the quadratic approximation function for the directional distance function, and utilizing a
parametric estimation method to obtain a solution. We further use an approximation function that
includes a desirable output (the output value indicator for the semiconductor industry), an undesirable
output CO2, and three factor inputs, as shown in Equation (2) below:

→
D0(x, y, b; g) = α0 + ∑3

n=1 αnxn + θ1y + γ1b + 1
2 ∗

3
∑

n=1

3
∑

n′=1
∝n,n′ xnxn′ +

1
2 ∗ θ2y2 + 1

2

∗γ2b2 +
3
∑

n=1
vnxnb + uyb + ∑3

n=1 δnxny
(2)

To ensure that the translation properties of the directional distance function remain unchanged
after conversion, Equation (2) must conform to all of the constraints listed in Equation (3) below:

θ1 − γ1 = −1, θ2 = γ2 = µ, δn − vn = 0, αn, n′ = αn′n, n, n′ = 1, 2, 3. (3)

where α, β, γ, v, µ, δ, are all unknown coefficients.
In the calculation, if we assume that there are K DMUs, then Equation (2) can be solved using the

(4) to (10) program shown below:

min[
→
D0(xk, yk, bk; 1,−1)− 1] (4)

s.t. :
→
D0(xk, yk, bk; 1,−1) ≥ 0, k = 1, 2, 3, . . . , K. (5)

∂
→
D0(xk, yk, bk; 1,−1)

∂y
≤ 0, k = 1, 2, 3, . . . , K. (6)

∂
→
D0(xk, yk, bk; 1,−1)

∂x
≥ 0, k = 1, 2, 3, . . . , K. (7)

∂
→
D0(xk, yk, bk; 1,−1)

∂b
≥ 0, k = 1, 2, 3, . . . , K. (8)

∂2
→
D0(xk, yk, bk; 1,−1)

∂y∂b
≤ 0, k = 1, 2, 3, . . . , K. (9)
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∂2
→
D0(xk, yk, bk; 1,−1)

∂y∂y
≤ 0, k = 1, 2, 3, . . . , K. (10)

2.2. Bootstrap for Directional Distance Function

The application of the bootstrap procedure to the directional distance function allows correcting
the bias of TE estimates to improve the robustness of point estimates under the conventional directional
distance function. A comprehensive algorithm of bootstrapping the directional distance function was
proposed by Simar et al. [24], which expands the idea put forth in Simar & Wilson [29] to validate
the directional distance function in the input–output space. The further practical application studies,
such as Falavigna et al. [25] and Duan et al. [26], give a clear description of how the bootstrap procedure
is applied to the directional distance function. According to Simar et al. [24], the possible bias of TE
can be corrected. Consider a TE estimate β̂ without correcting bias and its corresponding bootstrap
estimates β̂∗b , b = 1, . . . , B based on bootstrap samples of size m < n obtained by drawing m times,
independently, uniformly, and without replacement, the bias-corrected TE estimates (TEbc) can be
computed using Equation (11):

ˆTEbc = β̂− (m/n)2/(p + q + 1) 1
B ∑B

b=1

(
β̂∗b − β̂

)
(11)

where m is the subsample size; n is the full sample size; and p and q are the numbers of the output
variables and input variables, respectively.

Furthermore, the results of Simar & Wilson [29] ensure that:

Pr(loα ≤ n2/(p + q + 1)(β̂∗b − β̂) ≤ hiα) ≈ (1− α) (12)

with the replications of bootstrap B tends to ∞. Given β̂ and the B bootstp β̂∗b , loα and hiα can be

estimated by the α/2 and (1− α/2) percentiles for the set of values
{

m2/(p + q + 1)(β̂∗b − β̂)
}B

b=1
. These

estimates are denoted as ˆlo∗α and ˆhi∗α, respectively. Based on this information, the (1− α)× 100-percent
confidence intervals for β̂ can be obtained from Equation (13):( ˆβloα

, ˆβhiα
)
= (β̂− n− 2/(p + q + 1) ˆlo∗α, β̂− n− 2/(p + q + 1) ˆhi∗α). (13)

Finally, the subsample size m can be chosen using the method suggested by Simar & Wilson [29].

2.3. Social Cost of Carbon

An examination of the methods used in this field shows that, currently, the most widely used
environment/cost benefit indicator for measuring reductions in greenhouse gas emissions is the social
cost of carbon (SCC). In methodological terms, the SCC mainly employs a climate module integrated
assessment model (IAM) to implement assessment. The IAM model makes various assumptions
with respect to the impact of climate change on the economy, e.g., assumptions regarding trends
in greenhouse gas emissions, changes in global temperatures, and other possible effects of climate
change, such as rising sea levels, changes in the intensity of precipitation, increased incidence of
extreme weather events, etc. The IAM model can be used to gauge the losses that climate change
from greenhouse gas emissions causes to society; this in turn can be used to provide a quantitative
measurement of the costs incurred from every ton of CO2 emissions, and the environmental benefits
arising from every ton by which CO2 emissions are reduced.

As regards the practical implementation of the SCC concept in relation to government policy,
the United States (U.S.) government established an Interagency Working Group on the Social Cost
of Carbon in 2009. The purpose of this working group was to calculate the monetary benefits for
every ton by which CO2 emissions are reduced; the working group published its first SCC Assessment
Report in 2010 [30], followed by a second report in 2013, and a revised third report in July 2015 [31].
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The working group’s reports mainly utilize the world’s three mostly widely used IAM models—the
Policy Analysis of the Greenhouse Effect (PAGE) model [32], the Dynamic Integrated model of Climate
and the Economy (DICE) model [33], and the Climate Framework for Uncertainty, Negotiation,
and Distribution (FUND) model [34]—to calculate the amount of harm caused globally by every ton of
CO2 emissions on the basis of a “global yardstick.”

As the basis of the calculation is global, and as the effects of CO2 emissions are non-segmented,
the figures given in the working group reports for the harm caused by CO2 emissions are applicable
globally (i.e., the impact on the Earth of one ton of emissions originating in Taiwan is the same as one
ton of emissions originating in the U.S.). This means that “harm” in this case should not be taken
to mean harm caused to any specific locality; rather, it represents the harm caused to the planet as
a whole by excessively high emissions. Similarly, the social benefits deriving from efforts to reduce
emissions are also global in scope, rather than being limited to a specific country. In calculating SCC,
the working group first determines the values for SCC obtained with each of the three IAM models
listed above, i.e., DICE, PAGE, and FUND, and then calculates the average of these values.

Calculation of the environmental benefits from the total amount of emission reduction is the
multiplication of emissions reduction and its corresponding SCC value. SCC is not only widely used
by the U.S. government when calculating the environmental benefits from emissions reduction policies,
it is also used by many government agencies such as in the United Kingdom (U.K.) for assessing
the effectiveness of government policies [35] (according to this report, British government agencies
that use SCC for policy evaluation include the Department for Environment, Food and Rural Affairs
(DEFRA), the Department for Transport (DFT), the Department for Trade and Industry (DTI), the Office
of Gas and Electricity markets (OFGEM), the Office of the Deputy Prime Minister (OPDM), and the
Environment Agency (EA)). On the basis of the method outlined above, this study uses the SCC
method to evaluate the environmental benefits from carbon reduction from the implementation of
benchmarking in the semiconductor industry in Taiwan.

3. Empirical Data Sources and Data Processing

The empirical analysis undertaken here requires data for input and output variables in the
production processes of the Taiwanese semiconductor industry. There are two types of output variables
to be considered. The first is desirable outputs, i.e., an indicator measuring the value of the products
created during the production process that can provide economic benefits for the producer. This study
uses the product sales revenue of individual semiconductor manufacturers for this indicator. The second
type of output variable is undesirable output, which is defined as the volume of greenhouse gas
emissions generated during the production process by the semiconductor industry. Past studies have
generally used indicators such as capital stock, labor utilization, and the cost of goods sold for input
variables. Based on the available empirical data, this study then used labor factor costs, net capital,
and the cost of goods sold as the input variables.

As a result of policy planning requirements, the Environmental Protection Administration (EPA)
in Taiwan used a survey to collect variable data for firms in five targeted industries (including
the semiconductor industry focused on here) in 2010; the data that firms were required to provide
included their energy usage data for different years, CO2 emission volume calculated using the
carbon emissions coefficient method, product output (calculated within the production boundary), etc.
However, it is readily apparent from the data included in this EPA database that the specifications of
the products manufactured by individual semiconductor firms vary significantly. For example, in the
case of integrated circuit (IC) wafer products, the database records the output of six-inch, eight-inch,
and 12-inch wafers, etc. Some firms may produce only one product type, while others may produce
several. Given the difficulty in implementing assessment on the basis of a breakdown of product types,
it was decided to sum together the CO2 emissions totals for different product types to provide a single
indicator for undesirable outputs.
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Obtaining the data required for desirable outputs (i.e., product sales revenue) and for inputs
was much more challenging, because there is a lack of existing databases. To overcome this problem,
a search of relevant data for stock market and Over-the-Counter (OTC) listed companies available
from Taiwan’s Market Observation Post System [36] was taken as the starting point; in addition,
financial data for individual firms were collected for consecutive years, so as to provide the data
needed for the desirable output and input variables. The main problem for firms’ financial data is
that the data included in the EPA database are structured by factory, not by company; to ensure
consistency with the company-based financial data, the data for different factories belonging to the
same company were added together. Following this data processing, the empirical data comprised
data for nine semiconductor firms, with a total of 81 observations covering the period 2002–2010.
To remove the impact of price fluctuations, data expressed in monetary terms were deflated using 2010
as the base year. Three groups were categorized according to the net sales revenue level. These groups
are divided into high-revenue DMUs (HRs), middle-revenue DMUs (MRs), and low-revenue DMUs
(LRs), according to the annual net sale revenue of US$6001 million and above, US$2001~6000 million,
and US$2000 million and below, respectively. A summary of the basic statistical results obtained is
shown in Table 1 below and the scatter diagram shown as Figure 2.

Table 1. Descriptive Statistics for Empirical Variables. DMUs: decision-making units, HR: high revenue,
MR: middle revenue, LR: low revenue.

Statistical
Indicators

Net Sales
Revenue

(million$)

CO2 Emissions
(thousand
tons/year)

Salary
Expenses
(million$)

Net Fixed
Assets

(million$)

Cost of Goods
Sold

(million$)

All 81 DMUs

Mean 1997.25 764.78 186.10 2268.26 1446.71
Standard Deviation 2665.39 846.95 235.31 2317.73 1484.20

Maximum Value 12,745.48 3387.74 1442.02 11,489.33 6574.42
Minimum Value 84.71 48.71 25.66 60.93 90.10

HRs: 8 DMUs

Mean 9610.62 2969.35 749.64 7867.68 5359.97
Standard Deviation 1678.47 324.52 356.41 1546.82 655.37

MRs: 14 DMUs

Mean 3133.46 1214.83 314.62 4046.36 2459.65
Standard Deviation 840.82 502.01 138.63 1534.36 503.24

LRs: 59 DMUs

Mean 817.69 359.07 89.05 1231.07 761.85
Standard Deviation 508.26 183.12 37.46 1008.87 554.25

Note 1: Data expressed in monetary terms were deflated using 2010 as the base year. Note 2: The average exchange
of US$ to TWD$ is 1:31.93 in 2015.

To evaluate the effectiveness of carbon reduction efforts, the SCC method was used. SCC data were
derived mainly from a report prepared by the United States Environmental Protection Agency [31].
The SCC in the report covers the period 2015–2050. The results given for later years in this period have
a high degree of uncertainty. This study then uses the SCC results for 2015 as the basis for calculation.
On the basis of the SCC data shown in United States Environmental Protection Agency [31], at discount
rates of 5%, 3%, and 2.5%, the SCC for 2015 is calculated to be US$11, US$36, and US$56, respectively.
Regarding the choice of discount rate, the interest rate on government bonds in Taiwan in 2015 was
2.98%, which is closest to the 2.5% discount rate in the SCC data, so it was decided to use the 2.5%
discount rate for SCC data. That is, an SCC that is equivalent to US$56 per ton was used as the basis
for evaluation.
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4. Discussions of Empirical Results

The General Algebraic Modeling Systems (GAMS) software was used in combination with a
non-linear algorithm method to estimate the results of Equations (4) to (10); the coefficient estimation
results are then transposed into Equation (2) to estimate the uncorrected TE value of each DMU.
The directional distance function estimation results are shown in Table 2. Besides, in this study,
we follow the bootstrap algorithm of Simar et al. [24] with 1000 replications to correct the possible bias
so as to gain the biased-corrected TEbc. The bootstrapping results are shown in Table 3. Finally, the TEbc
value was used to calculate the carbon reduction results and increase in revenue that could be achieved
if a given firm learned from the management techniques used by a benchmark firm; a summary of the
results is shown in Table 4.

Regarding the interpretation of the calculation results, the TEbc value represents the efficiency of
the carbon reduction techniques used calculated by the bootstrapped directional distance function
method. The closer the TEbc value is to zero, the more efficient the production techniques that are
used; the further away the TEbc value is from zero, the greater the gap between the performance of the
DMU and that of the benchmark firm. This phenomenon indicates that there is considerable room
for improvement.

For instance, if a given DMU is calculated to have a TEbc value of 0.02, then this indicates that
by comparison with the benchmark DMUs, this DMU has room to achieve a 2% increase in revenue
and a 2% decrease in CO2 emissions. In managerial terms, if the DMU learns emissions management
techniques from a benchmark DMU of similar size, then it can boost its overall revenue by 2%, while at
the same time adjusting its production processes to realize a 2% reduction in CO2 emissions. Based upon
the empirical results obtained in this study, the mean TEbc value for the sample can be calculated to
be 0.3397. This indicates that on average, the 81 DMUs that constitute the sample could achieve an
average reduction in emissions of 33.97% and an average increase in revenue of 33.97%. In absolute
terms, each DMU can boost its sales revenue by about US$486.6 million per year through benchmarking,
on average, and at the same time reducing annual emissions (per DMU) by 198.41 thousand tons of CO2.
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Table 2. Coefficient Estimation of Directional Distance Function.

Coefficient Variable Coefficient Estimation

α0 Constant term 0.328
α1 Salary expenses (x1) 0.059
α2 Net fixed assets (x2) −0.013
α3 Cost of goods sold (x3) 0.207
θ1 Net Sale Revenue (y) −0.650

γ1 = θ1 + 1 CO2 emissions (b) 0.350
α11 x2

1 −0.130
α12 x1x2 −0.039
α13 x1x3 −0.086
α22 x2

2 0.061
α23 x2x3 −0.049
α33 x2

3 −0.018
θ2 = µ = γ2 y2, yb, b2 −0.081

δ1 = ν1 x1y, x1b 0.166
δ2 = ν2 x2y, x2b 0.023
δ3 = ν3 x3y, x3b 0.030

For the groups of different revenue scale, the correlation coefficient of revenue scale and CO2

emissions is about 0.96, showing that there is a strong positive relation between them. This indicates
that the larger the economic scale, the higher the CO2 emissions generated from the production process.
From the perspective of efficiency, the TEbc performance has a positive relation with the revenue scale
(i.e., the TEbc of HRs = 0.1146 < MRs = 0.3262 < LRs = 0.3734). This means that the company with the
larger economic scale is the most likely to be the benchmark DMU. If we focus on the absolute value
of the environmental improvement potential, the story will be different. On average, each DMU in
the MRs group can increase its annual sales revenue by about US$1004.12 million through carbon
benchmarking, which is only slightly less than the $1051.28 million of the DMU in HRs. However,
on average, the DMU in the MRs group has a better CO2 reduction potential than the HRs. According
to the results of Table 4, each DMU in the MRs can increase by 409.03 thousand tons of CO2 reduction
per year by applying carbon benchmarking. However, each DMU in the HRs group can increase the
annual CO2 reduction by about 333.04 thousand tons, which is significantly lower than that in the
MRs group.

Having completed the calculations outlined above, it is now possible to determine the reduction in
annual CO2 emissions that semiconductor firms can obtain through benchmarking. Using an estimated
value of the benefits from carbon reduction per unit of SCC under the baseline year 2015, the benefits
from carbon reduction (in monetary terms) resulting from the raising of the TE of each DMU can thus
be estimated. Since the SCC per ton of CO2 is US$56, using this magnitude together with the reduction
in CO2 emissions deriving from the improvement in TE achieved through benchmarking, it is possible
to calculate the benefits from carbon reduction.

On the basis of the estimation results shown in Table 4 above, if each DMU uses carbon
benchmarking to learn superior emission management techniques from the benchmark DMUs, then on
average, the resulting improvement in the efficiency of carbon reduction techniques will provide each
DMU with carbon reduction benefits that, in monetary terms, equate to about US$11.11 million per
year. Among all three revenue groups, the MRs group has the biggest potential for carbon reduction
benefits. There will be about US$22.91 million benefits per year through carbon benchmarking.
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Table 3. Bias-corrected Technical Efficiency (TE) with Estimated 95% Confidence Intervals
by Bootstrapping.

TEbc Bias 95% CI TEbc Bias 95% CI

HRs: 8 DMUs LRs: 59 DMUs (No. 17–59)

0.0727 −0.0485 0.1149 0.0117 0.2308 −0.0276 0.2520 0.1871
0.0952 −0.0952 0.1746 −0.0204 0.3632 −0.0654 0.4199 0.2943
0.0764 −0.0743 0.1432 −0.0242 0.2802 −0.0740 0.3454 0.1999
0.0807 −0.0503 0.1262 0.0116 0.5677 −0.0304 0.5934 0.5376
0.1302 −0.0415 0.1662 0.0810 0.4099 −0.0297 0.4374 0.3566
0.1506 −0.0771 0.2239 0.0425 0.3930 −0.0282 0.4169 0.3537
0.1358 −0.0636 0.1915 0.0535 0.6532 −0.0178 0.6688 0.6314
0.1752 −0.0491 0.2161 0.0941 0.3979 −0.0275 0.4192 0.3665

Mean of TEbc (HRs): 0.1146 0.3057 −0.0342 0.3305 0.2599

MRs: 14 DMUs 0.1867 −0.1867 0.3655 0.0026

0.2408 −0.0338 0.2685 0.1794 0.2176 −0.2176 0.4262 −0.0160
0.2822 −0.0297 0.3055 0.2417 0.4338 −0.1544 0.5830 0.1887
0.3057 −0.0334 0.3316 0.2702 0.1535 −0.0610 0.2047 0.0539
0.3903 −0.0313 0.4157 0.3579 0.4006 −0.0273 0.4202 0.3715
0.3808 −0.0246 0.4007 0.3492 0.2536 −0.0686 0.3151 0.1607
0.1786 −0.0952 0.2653 0.0796 0.1093 −0.0606 0.1599 0.0048
0.4313 −0.0230 0.4500 0.4035 0.5813 −0.0261 0.6027 0.5516
0.3503 −0.0257 0.3727 0.3047 0.5679 −0.0587 0.6207 0.5048
0.4124 −0.0293 0.4381 0.3788 0.3834 −0.0211 0.4001 0.3511
0.3899 −0.0327 0.4164 0.3526 0.4663 −0.0331 0.4968 0.4259
0.2092 −0.1264 0.3263 0.0758 0.4660 −0.0527 0.5137 0.4101
0.2595 −0.0325 0.2881 0.2193 0.5834 −0.0226 0.6015 0.5538
0.3410 −0.3410 0.6677 0.0119 0.5263 −0.0126 0.5365 0.5073
0.3946 −0.0175 0.4092 0.3623 0.1817 −0.0488 0.2239 0.1097
0.2408 −0.0338 0.2685 0.1794 0.1700 −0.0247 0.1907 0.1420

Mean of TEbc (MRs): 0.3262 0.3633 −0.0181 0.3775 0.3317

LRs: 59 DMUs (No. 1–16) 0.3256 −0.0326 0.3534 0.2519

0.1757 −0.0409 0.2068 0.1224 0.4007 −0.1212 0.5161 0.1225
0.3107 −0.3107 0.5984 0.0317 0.1199 −0.1199 0.2229 −0.0209
0.2868 −0.0447 0.3260 0.2244 0.4046 −0.0235 0.4222 0.3756
0.2881 −0.0704 0.3470 0.2040 0.1445 −0.0321 0.1710 0.0993
0.3921 −0.0438 0.4307 0.3464 0.4801 −0.0912 0.5617 0.3831
0.4051 −0.0296 0.4297 0.3689 0.8277 −0.0200 0.8452 0.8019
0.2790 −0.1283 0.4015 0.0991 0.6087 −0.0371 0.6414 0.5674
0.4577 −0.0192 0.4729 0.4261 0.1623 −0.1623 0.3150 0.0164
0.1107 −0.0537 0.1552 0.0452 0.3376 −0.0368 0.3702 0.2675
0.2153 −0.0410 0.2507 0.1422 0.3684 −0.0165 0.3804 0.3466
0.4680 −0.0475 0.5096 0.4001 0.3144 −0.0288 0.3387 0.2580
0.3419 −0.0784 0.4136 0.2262 0.4619 −0.0292 0.4857 0.4050
0.5866 −0.0407 0.6236 0.5332 0.4761 −0.0512 0.5260 0.3984
0.3498 −0.0628 0.4052 0.2814 0.4952 −0.0177 0.5081 0.4759
0.2297 −0.0575 0.2803 0.1570 0.5222 −0.0493 0.5661 0.4517
0.4798 −0.0928 0.5614 0.3996 0.5580 −0.0213 0.5767 0.5394

— — — — Mean of TEbc (LRs): 0.3734
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Table 4. Summary of Adjusted TE Simulation Results.

Mean TEbc Value
Increase in Revenue

from TE Improvement
(million$/year)

CO2 Reduction from
TE Improvement

(thousand tons/year)

Benefit of CO2 Reduction
from TE Improvement

(million$/year)

All 81 DMUs

Mean 0.3397 486.60 198.41 11.11

HRs: 8 DMUs

Mean 0.1146 1051.28 333.04 18.65

MRs: 14 DMUs

Mean 0.3262 1004.12 409.03 22.91

LRs: 59 DMUs

Mean 0.3734 287.24 130.18 7.29

5. Concluding Remark

Utilizing the bootstrapped directional distance function method to measure the TE of carbon
reduction, this study seeks to measure carbon reduction TE in the Taiwanese semiconductor industry.
With the measurement of TE, the study goes on to integrate the SCC methodology in calculating the
monetary terms of carbon reduction benefits from the improvement in carbon reduction TE.

By performing an estimation of the bootstrapped directional distance function, it is possible to
calculate the bias-corrected TE and the efficiency gap between inefficient DMUs and the benchmark
DMUs. From a policy-making perspective, the significance of this is that there is significant room for
these inefficient DMUs to improve their management techniques and methods (as opposed to their
level of production technology) by bringing them up to the level of the benchmark DMUs. Assuming
that there is no significant disparity between the DMUs in terms of the achievable level of production
technology, then if benchmarking is performed for the inefficient DMUs with lower TE, once the TE of
their carbon reduction management has been raised to a level comparable to that of the benchmark
DMUs, it should be possible to realize both a significant increase in revenue and a significant reduction
in CO2 emissions.

In terms of policy implication, based on the empirical estimation results obtained in this study,
it can be seen that using carbon benchmarking (asking every DMU to improve its TE to the benchmark
one) to raise the TE of carbon reduction management would, on average, boost the annual sales revenue
of each DMU by about US$486.60 million, while also reducing the average annual CO2 emissions per
DMU by 198.41 thousand tons. Overall, the combined increase in revenue for all of the semiconductor
firms included in the study would total US$39,415 million per year, and the combined reduction in
CO2 emissions would total 16,071.48 thousand tons. As regards the benefits from carbon reduction,
the average carbon reduction benefits for each DMU would amount to approximately US$11.11 million
per year; overall, the combined carbon reduction benefits for all of the DMUs included in the sample
would be about US$900 million per year. Aside from that, among the three groups of different revenue
scales, MRs has the highest benefit potential in CO2 reduction. This gives us an insight into the policy
implications. If the carbon benchmarking control is carried out for the industry in the future, the DMUs
in the MRs group can be the primary target.

Lastly, since this study only focuses on the analysis of the benefit dimension, there is still a lack of
discussion on the possible cost of implementing the carbon benchmarking. A comprehensive cost–benefit
analysis of response measures requires both benefit and cost information, thus exploring the cost of carbon
benchmarking in the semiconductor industry so as to design the optimal carbon benchmarking system
for the semiconductor industry in Taiwan can be one of the further research streams.
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