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Abstract
Taiyuan, one of the most polluted cities in the world, is the first cleaner production demonstration city in China. We assess
energy related cleaner production projects in Taiyuan from the point of view of climate change and integrated assessment. In the
assessment we develop a rather detailed methodology that relies on a battery of chained models All of the projects improve energy
efficiency and reduce emissions. Still, we find that their environmental health benefit differs substantially. The projects are treated
similarly from point of view of funding and the regularatory process. Yet, we find that their cost differs substantially, and there is
no proportionality between costs and benefits. The finding could supplement explanations of cleaner production progress that rely
on financial and institutional barriers. We also ask if the positive attitude to cleaner production in China may help the country
introduce greenhouse gas saving projects under another name. It turns out that some, but not all of the projects we analyse have
significant greenhouse gas reduction potential. The possibility for foreign funding as CDM projects is discussed.
 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
It is well known that greenhouse gas reducing investments can yield additional environmental benefits, sometimes called co-benefits ([1]; [4], [11]; [15]; [22]; [24];
[42]). These benefits may be especially large in
developing countries. However, the methodology for
estimating co-benefits of greenhouse gas reducing
investments, called integrated assessment, is crude at
some points. Using refined methodology this paper adds
new evidence to the literature on integrated assessment
of greenhouse gas reducing investments in the
developing world.
Specifically, our objective in this paper is to estimate
co-benefits of specific cleaner production projects in Tai-
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yuan, the capital of Shanxi Province, China. Cleaner production projects improve production efficiency and eliminate waste within the process rather than at the end of
pipe. Such projects are well suited for studying the cobenefits of greenhouse gas reductions since they tend to
emphasize energy efficiency, technological upgrading
and other measures that cut across a range of pollutants
including CO2, particle emissions and SO2. But cleaner
production projects are also interesting in a political perspective. They tend to receive rather more positive attention in the developing world than projects that go by the
name of climate change. For instance, an international
declaration on cleaner production has more than 1700
signatories, of which most are from the developing
world. Twenty-four developing and transition countries,
including China, India and other traditional climate
skeptics, have at the moment established National Cleaner Production Centers to promote the practice of cleaner production [37]. If one can show that some cleaner
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production projects are climate change projects by
another name that even bring substantial co-benefits, it
may remove some of the reluctance to climate change
abatement that is found in developing countries.
Also, since cleaner production projects often reduce
emissions of greenhouse gases they could be eligible for
international funding through the Clean Development
Mechanisms (CDM) of the Kyoto protocol. In order to
qualify for such funding the projects must contribute to
sustainability. The NGO community, especially, is eager
to follow up on this point (see e.g., [18]). For these
reasons as well, emphasizing co-benefits is essential.
The co-benefits that we estimate are compared to our
estimate of ordinary costs. It is sometimes claimed that
cleaner production projects are low-cost or no-cost
options with a large benefit potential. It is the hope generated from such claims that is driving the establishment
of Cleaner Production Centers in many countries. Yet,
at least in China, implementation of cleaner production
projects has been somewhat slow. This could indicate
that project costs are higher than imagined, or it could
indicate credit barriers or other barriers of an institutional nature. In any case it makes the costs of cleaner
production projects an interesting object of study in its
own right.
To discuss the co-benefits of cleaner production projects in relation to costs and CO2-potential we rely on
the impact pathway approach to environmental benefit
estimation. This bottom-up approach estimates the monetary equivalent of environmental benefits. Starting from
emission reductions associated with projects, and using
a chain of models, one is moving forward towards endpoints of physical health damage with associated monetary values. Adding over the end-points gives total monetary co-benefit. Subtracting the monetary value of
environmental benefits from costs gives the net costs of
CO2 reductions related to cleaner production projects.
The impact pathway approach is becoming increasingly popular in studies of environmental improvements
in China and elsewhere. Early forerunners include the
ExternE project ([13], [14]) and the U.S. EPA project
on the benefits and costs of the clean air act ([38], [39]).
However, in China the physical and economic conditions
are different from those in the US or Europe. An early
application in China is Aunan et al. [4] who used the
impact pathway approach to study clean coal technologies in Shanxi Province. Compared with Aunan et al.
we consider specific projects planned or under
implementation in Taiyuan and refine the model of air
pollution dispersion. One advantage of this refinement
is to analyze the distinction between low-stack and highstack emissions, which turns out to matter a great deal
for the co-benefit outcome.
The paper is structured as follows. Section 2 briefly
reviews the environmental status of Taiyuan and the Cleaner Production programme there. Section 3 describes

our approach and methodology. The methodology is
applied to six representative cleaner production projects
in section 4. Our conclusions are given in section 5.

2. Taiyuan: Environmental status and cleaner
production plans
2.1. Environmental status of Taiyuan
Taiyuan City, the 3 million metropolitan area that is
the capital of China’s Shanxi Province, is generally
recognized as one of the most polluted cities in the
world. China’s State of the Environment Report for 1999
[32] classifies it as the most polluted city in China. In
1998 the average annual concentration of SO2 and TSP
(total suspended particulates) was 278 µg/m3 and 498
µg/m3 respectively. These concentration levels are
approximately five times higher than the thresholds for
health risk set by the WHO and the EU. By year 2000
measured SO2 concentrations had fallen to 200 µg/m3
and measured TSP concentrations to 400 µg/m3, but the
situation is quite volatile and measurements are uncertain [16].
The reasons for Taiyuan’s pollution problems may be
found in the fact that more than 3/4 of industrial GDP
is from polluting, heavy industries. The extent of state
owned enterprises with old-fashioned technology and
low productivity also matters. More than half of production is from state owned enterprises, and three quarters of urban workers of Taiyuan work in these
enterprises ([27]; [33]). As a third factor industrialization
in rural areas has increased coal consumption in town
and village enterprises resulting in high emissions
encircling the city.
It also adds to Taiyuan’s pollution problems that the
city is located in a basin surrounded by mountains on
three sides and frequent inversions and low wind velocities enhance the concentrations of pollutants. The climate is dry and dust-mixed winds worsen the pollution
problem [36].
2.2. Cleaner production in Taiyuan
In one of the efforts to improve the environmental
situation, Taiyuan in 1999 became China’s first cleaner
production demonstration city. To implement its cleaner
production program, Taiyuan intends to invest 1.5 billion
Yuan (180 million USD) over the years to come. So far
most of the projects are still at the planning stage, but
some have recently secured funding. In addition to
investment projects, the cleaner production campaign in
Taiyuan, like in many other cities, has emphasized workshops for city officials and leaders, setting up cleaner
production working groups in selected demonstration
enterprises and developing local legislation for cleaner
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production. [12] and [19] provide overviews of cleaner
production efforts in Taiyuan.
Cleaner production projects focus on several environmental burdens including hazardous chemicals in water
emissions, industrial waste and energy utilization. It is
the energy aspect of cleaner production that interests us
here. Taiyuan has formulated a Clean Energy Action and
Implementation Plan that covers the following categories
of projects:

Marginal (economic) cost of CO2 reductions = c’dx/dco2
Marginal social cost of CO2 reductions = (c’dx
⫺V’m’dx)/dco2

Clean coal technologies; covering low sulfur coal, coal
sorting etc.
Clean fuel technologies; covering desulfurization, coke
stove smoke treatment, motor vehicle emission
reductions etc.
Central heating; covering central heating in residential
areas and within factories etc.
Clean energy consumption; covering renewable energy
projects.
Energy saving; covering waste heat recovery etc.
Supervision and control; covering monitoring devices
etc.

When estimating co-benefits by means of the impact
pathway approach, we limit ourselves to health benefit
as the research on co-benefit points to health as the far
most important environmental impact. Compared with
[4], which relied on simple coefficients of proportionality, we refine the model of air pollution dispersion in this paper. We also employ the value of life years
lost (VOLY) approach to mortality impacts that in our
opinion gives more accurate results than the traditional
value of statistical lives (VSL) approach.

The projects we choose for further analysis form a sample from these categories.

3. Our approach
3.1. General outline
Technically we follow the cost-benefit approach that
is traditional in economics. In a bare-bone version a representative consumer obtains money-equivalent utility
V(m) from environmental air quality m. Air quality may
be improved by abatement projects x, so m = m(x). The
cost of producing x is c(x). The cost-benefit test says that
a small abatement project dx generates net benefits if
V’m’dx⫺c’dx ⬎ 0
The term V’m’dx is the gross value of co-benefits associated with the abatement project (with dx the project,
m’(x) the improvement in air quality resulting from the
project, and V’(m) the marginal money equivalent utility
(willingness to pay) for this improvement). The term
c’dx is the economic cost of the project (with dx the
project and c’ the marginal economic cost). If the economic cost of the project is negative, the project is profitable. A profitable project generates net benefits independently of the size of environmental co-benefits.
The abatement projects that we are analyzing also
reduce CO2-emissions (by means of improving energy
efficiency), that is, co2 = co2(x). An abatement project
contributes a decrease in CO2, dco2 = ⫺co2’dx (dco2 is
then positive for an abatement measure). We define

On a project-by-project basis these ratios are central outputs of this paper.
3.2. Estimation of co-benefits

3.2.1. Emission reductions
We first estimate the particle emission reductions and
the SO2 emission reductions from the abatement options.
Both are important for health impacts, but only particle
emissions are used in our later quantifications. We also
estimate the stack height of emissions, which is
important for the next steps, dispersion and exposure.
The projects that we are studying typically reduce emissions in process and in combustion. We call them direct
emission reductions. Direct emission reductions occur at
heights from 12–120 m. The projects also reduce electricity demand, which in Taiyuan most likely is translated to reduced electricity generation. Lower emission
levels follow at the power plants, which we call indirect
emission reductions. The indirect emission reductions at
power plants occur at high stack height 180–230 m. We
assume an emission factor of 5.0 kg/tons of coal equivalents (tce) for TSP, and 25.3 kg/tce for SO2 for these
emissions. These values are the same as applied by
Aunan et al. [4] although the values there are given per
ton raw coal. For industrial combustion we assume an
emission factor for TSP (SO2) of 11.1 (25) kg/tce unless
otherwise stated.
Finally we estimate the CO2-reductions associated
with each project. The CO2-reductions are caused by the
energy savings of the projects. Similarly to direct and
indirect emission reductions the energy savings take two
forms, either as direct coal savings or as reductions in
electricity supply from Taiyuan’s coal-fired thermal
power plants. To estimate the CO2-reduction associated
with each ton of coal savings previous authors use emission factors between 2.40 and 2.77 tCO2/tce coal ([23];
[17]). We assume 2.40, which is in the low end,
reflecting the low efficiency and incomplete combustion
of coal in Taiyuan.
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3.2.2. Dispersion modeling
To estimate the dispersion impacts of emission
reductions we use the dispersion model AERMOD.
AERMOD is a model developed by the U.S. EPA in
collaboration with the American Meteorological Society
(AMS) [40]. The model estimates the emission dispersion from multiple sources for varying terrain and
meteorological conditions. The sources are point
sources, area sources and volume sources. Concentrations are calculated at ground level or any chosen
elevated position. It is also possible to obtain values at
different elevations of a single grid point.
The model uses hourly measurements of temperature,
wind direction, wind speed, and cloud cover. We have
downloaded these measurements from [43]. Taiyuan has
very frequent inversions, i.e. at a certain height in the
troposphere the temperature starts to increase with
height. In winter the inversion is at 500 m 80% of the
time, whereas in summer it lies at 250 m 60% of the
time. The air quality generally becomes poor during
inversions. Temperature profiles with approximately correct inversion layers were given as input. Further the
model needs values for albedo (fraction of the radiation
reflected by the surface), surface roughness length
(height above the ground at which horizontal wind velocity is typically zero), and Bowen ratio (the ratio of the
sensible heat flux to the heat flux used in evaporation).
These parameters are used to estimate the height of the
so-called boundary layer, which is the layer close to the
ground with highly turbulent mixing. Turbulent mixing
facilitates dispersion of pollutants. The constants used,
retrieved from [41], are given in Table 1.
The model gave good agreement with observations
both for SO2- and TSP concentrations. Further details
are given in [25].
3.2.3. Exposure modeling
Applying the dispersion model, we calculated how the
air pollution situation is likely to be affected by the emission reductions. To estimate changes in human exposure
we have to know the population density throughout Taiyuan. This was estimated using population statistics in
combination with a digital map of the city showing the
residential areas [35]. We estimated the share of the
population in each district that lives inside the area
covered by our study. Moreover, comparing the population densities in sparsely populated counties relatively
Table 1
Parameter values used in the dispersion model

Albedo a0
Roughness length r0 (m)
Bowen ratio B0

Winter

Summer

0.35
0.5
2.0

0.16
0.5
2.0

close to Taiyuan we found that these were 5–6% of the
density in Taiyuan. Since the sparsely populated counties
include some residential areas we judge that the difference in density between residential and non-residential
(much of it agricultural) areas in Taiyuan is likely to be
even larger than the ratio found from the county level
comparison, and estimate the density in non-residential
areas to be approximately 4% of the density in residential areas. The estimated population densities are shown
in Table 2. The results from the dispersion modeling
were then combined with the estimated population densities, giving estimates of how the exposed population
throughout the city will be affected by the abatement
options.
From the resulting exposure distribution, we calculated the weighted population exposure reduction for
each option (⌬PWE). ⌬PWE for an abatement option
was calculated on an annual basis as:
⌬PWE ⫽

冘

1
P

⌬mi·pi

i

where pi is the population in area i, ⌬mi is the reduction
of the pollutant in area i, and P is the total population
in the city. Use of the population weighted exposure
reduction is warranted because the exposure-response
functions are linear or close to linear in the relevant
range of exposure reduction.
3.3. Exposure-response modeling
Exposure-response functions for a range of different
health effects (‘end-points’) were used to estimate the
health impact. The selection of exposure-response functions is based on a review of Chinese and international
epidemiological studies [6]. We have calibrated the
functions according to the present frequencies of different end-points in Taiyuan, or in Shanxi as a whole if
data for Taiyuan were not available, as given in [34]. It is
worth noting that for the end-points ‘number of hospital
admissions’, ‘emergency room visits’ and ‘outpatient
visits’, the frequency is considerably higher in Taiyuan
than in Shanxi on average. The monetary valuation is
based on [4].
To estimate the impact on mortality we applied the
methodology described in [4], which enables us to estimate the number of avoided life years lost (i.e. life years
gained) in the present and future population, for different
age groups and at different points of time, due to changes
in chronic exposure to small particle matter, PM10. We
applied results from [29] which indicate, as a conservative estimate, an increase in the mortality rate of 0.24%
(95% confidence interval 0.001–0.770%) per µg/m3
increase in PM10 concentration. This is considerably
lower than the value proposed in the ExternE project
[14], 0.39%) which was derived from [29] and used by
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Table 2
Population, area and estimated population density in residential and non-residential areas within the study area
District

Pop. in study Residential area
area
(km2)

Non-residential area (km2) Pop. density—residential Pop. density—non(pop/km2)
residential (pop/km2)

Ying Ze
Xing Hua Ling
Wan Bai Lin
Xiao Dian
Jian Cao Ping
Jin Yuan

399494
510330
404148
353622
295426
157876

28
61
47
52
105
41

23
32
35
20
28
13

Aunan et al. [4]. The value was applied uniformly on 5year age groups between the ages of 30 and 90 in the
1999 Taiyuan life table. In addition, we applied a function for the impact of PM10 exposure on infant mortality
given in [2] for the youngest age group (0–1 year). This
function is based on two studies in the US and in the
Czech Republic ([45] and [7]).
In order to connect these estimates to emission data
we need to specify the size distribution of particles, indicated by the PM10-fraction of TSP. A generally accepted
fraction is 0.55, see e.g., [4]. However, as He et al.
(2002) [20] point out, particulate removal techniques
currently in use in China are effective with respect to
coarser particles but do not remove small particles very
well. On this basis we assume 0.7 in projects with
efficient particle collectors, i.e. power production and
process emissions (project 1–4 below), and 0.55 elsewhere (project 5–6). These assumptions fit baseline concentrations quite well.
3.4. Estimating economic costs
To analyze economic costs of projects we rely on
engineering data describing the changes in inputs and
outputs related to the projects. All projects save coal
input or produce electricity output. One of them saves
water. The cost savings from electricity and water are
counted against the annualized investment costs of the
projects (that is, the user cost of capital) to estimate the
annual cost of each project. Note that the benefits are
also on an annual basis. If the cost is negative the project
gives a profit. In contemporary China prices of most
goods are determined on the market, and we use market
prices to estimate the costs.
In the calculations we assume water is priced at 0.27
US$/m3, coal is priced at 20.3 US$/tce and electricity is
priced at 0.06 US$/kWh. These prices are current, average prices on these commodities in Taiyuan and are converted to US$ at a rate of 1 US$ = 8.3 RMB.
To calculate the annualized cost of capital we need to
know the real interest rate and the lifetime or
depreciation rate. The real interest rate is difficult to pin
down in China. Earlier, 8% has often been used for public projects with a social value, and 12% for commercial

16761
14740
10931
16277
9150
10653

670
590
437
651
366
426

projects, but recently the real interest rate has dropped
and we have used 6% in our calculations. 20 years lifetime of all investments is assumed. Note that the impact
of assuming a too high interest rate or a too short lifetime
is to underestimate the profitability of projects.

4. Project-by-project analysis
4.1. Description of projects and background variables
We analyze six cleaner production projects in Taiyuan. They form a fairly representative sample from the
Clean Energy Action and Implementation Plan of Taiyuan that lists cleaner production projects in the city.
Three of our projects are listed in the central heating
category of the plan, with the three others coming from
the clean coal and clean fuel categories. (Clean fuel actually means clean thermal fuel other than clean coal).
The projects were also chosen with an eye to data
abundance and data reliability. Many of the projects in
the plan are described rather vaguely and do not lend
themselves to our analysis. That includes all projects in
the clean energy (covering renewable energy) and
energy saving categories of the plan. Still all of the projects that we do consider either save or produce energy.
Reliable data were found for four energy efficiency
projects at the Taiyuan Iron and Steel Company that
recently have been negotiated with the Japanese International Cooperation Bank. In addition we have reliable
data for a central heating upgrading project and a project
to build a briquette factory.
4.1.1. Projects and background data at Taiyuan Iron
and Steel
Taiyuan Iron and Steel is the largest employer in Taiyuan with about 65,000 employees. The company is
located in the northern part of Taiyuan city, within the
residential/commercial areas. The company has 54
stacks at different heights releasing gases from combustion. Of these there are three stacks between 100 and
120 m tall. We assume two stacks at 120 m and one at
100 m (exit temperature 120 °C). The exact location and
height of the remaining 51 stacks is not known, but we
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simulate them by assuming 8 small stacks with release
height 30 m and 7 stacks with release height 60 m (exit
temperature 160 °C). Only the emissions from the three
tall stacks at 100 m and 120 m are involved in the considered projects. We assume that indirect emission
reductions (from reduced electricity production) occur
outside the Taiyuan Iron and Steel area.
In addition to the emissions from combustion there is
also substantial dust pollution from the production,
called process emissions. These emissions are both from
low stacks at 20 m and within factory halls at ground
level. Background data for TSP emissions from combustion and process at Taiyuan Iron and Steel is provided
by [16]. Further details on the dispersion modeling are
given by [25].
We proceed to briefly describe the projects (cf.
Table 4).
Project no. 1, Coke Dry Quenching (CDQ). Compressed nitrogen gas is used to quench coke from 1000–
200 °C in a process of coke dry quenching (CDQ). 1.1
million tons of coke at batteries no 5 and 6 of the coking
factory at Taiyuan Iron and Steel will be quenched this
way. The heat from the nitrogen gas will then produce
steam to run a 3000 kW electrical power generator
through a waste heat recovery boiler. The project will
produce electricity and save water. In addition to direct
emission reductions the electricity will indirectly save
coal and emissions at the company power plant, see
Table 4 for details. In total the project saves 153 tons
of TSP and 340 tons of SO2 annually (concise numbers
reflecting point estimates, not accuracy). In the Cleaner
Production Plan the project belongs to the clean coal category.
Project no 2, Electrical Arc Furnace (EAF). Six small
energy-demanding and heavy-polluting electric stoves at
the steel mill of Taiyuan Iron and Steel will be replaced
with a big electrical arc-cast furnace. Each of the six
existing stoves has a stack of 20 m. The stack emissions
from the stoves have been measured to 7.9 kg/h TSP
and the release temperature to 160 °C. In addition there
are approximately 2400 tons TSP released annually
within the factory hall. These emissions are modeled as
a 100m2 area source at 5m release height. We assume
that 65% of the PM10 drifts out of the factory hall. A
new efficient furnace will replace the six stoves and will
emit approximately 195 t/a TSP. This replacement will
eliminate the diffuse emissions and substitute the six
existing stacks with one new taller stack. In addition
electricity consumption is reduced almost 20%. In total
the project saves 1440 tons of TSP, most of which is
direct emissions (see Table 4), and 283 tons of SO2. The
Cleaner Production Plan has the project in the clean
fuel category.
Project no. 3, Combined Cycle Power Production
(CCPP). The project enables combined cycle power production using blast furnace gas. The project consists of

a gas turbine, a heat recovery boiler and a steam turbine.
It will use 200,000 m3/h of gas to produce electricity
from a 83,000 KW power generator. In addition the project will produce steam in the heating season. The emission reduction is 1112 tons of TSP, and 5540 tons of
SO2. The Cleaner Production Plan has the project in the
central heating category.
Project no. 4, Top gas pressure Recovery Turbine
(TRT). The project enables electricity production from
excess pressure of blast furnace gas at the top of the
furnace No.3. The capacity of the power generator is
6000 kW. Emissions of TSP are reduced 96 tons and
SO2 emissions are reduced 486 tons. All of this is
indirect emission reduction; there is no direct reduction
from this project. The cleaner production plan puts the
project in the central heating category.
4.1.2. District heating project
Project no 5, District Boiler House (DBH). District
heating is a growing source of heating in Taiyuan like
in many other cities in China. The Heat Supply Plan of
Taiyuan describes a plan to build of 30 big district boiler
houses in the city to replace current small and inefficient
coal boilers. The first four boiler houses are planned for
completion by 2005, although funding is a problem.
Using data from the approved boiler house no. 1, we
assume that three boilers will be installed in the boiler
house with a total capacity of 157,000 kW. The new
boilers and boiler house will replace 53 boilers and 16
boiler houses that currently serve a 2 km2 residential
area. The savings are estimated to 28,000 tons of coal
annually (20,000 tons of coal equivalents). The new
boiler house will emit approximately 220 t/a TSP from
a 120 m stack. It will produce steam, mainly in the winter season to replace household coal consumption and
coal consumption of small industries in the area. Household emissions of TSP modeled at 12 m release height
will be reduced by 380 t/a, and emissions from small
industries with release height 30 m will be reduced by
590 t/a. The net annual TSP reduction is thus 750t/a
(970–220). The cleaner production plan puts the project
in the central heating category.
4.1.3. Coal briquetting
Project no 6, Coal Briquetting (CB). The project consists of four coal briquette plants producing 1.0 million
tons of coal briquettes with desulfurization additives, for
industrial use. The purpose of this project is mainly
environmental improvement. Building on [4] and references therein we estimate 30 percent emission reduction
per unit of coal. In addition the project increases combustion efficiency by approximately 10% and saves coal.
The total emission reduction is 3200 tons TSP/year, and
8640 tons SO2/year. A release height of 30 m has been
used for the dispersion modeling. The cleaner production
plan has the project in the clean coal category.
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4.2. Costs and emission reduction of projects
Table 4 presents the main data for the projects and
their estimated costs. The projects have rather different
costs and emission reduction potential. The combined
cycle power production (CCPP) unit at Taiyuan Iron and
Steel should be able to turn an annual profit of nearly
30 million USD while saving some 500,000 tons of CO2.
By contrast the electrical arc cast furnace at Taiyuan Iron
and Steel (EAF) is scheduled to cost 6.7 million USD
annually and save less than 30,000 tons of CO2. These
projects are the largest and the second largest investments in our sample.
The reason the CCPP unit is profitable lies in the large
electricity production associated with the project. The
production income overturns the large investment. The
electrical arc furnace, however, is not able to generate
huge amounts of electricity and does not save that much
coal either. The result is a sizeable annual cost.
At this point we may note the difference between
economic costs as calculated here, and financial costs.
When estimating economic costs we value electricity
production by the price of electricity for average purchasers in Taiyuan. This, we will argue, is the opportunity value of bringing additional electricity production
to the market. It is by no means clear, however, that
the CCPP project will be able to book the electricity
production at the market price in its financial accounts.
Since the electricity is an internal deliverance at the iron
and steel company it is just as likely that the company
will use a fairly low administrative calculation price to
book the income. In that case the financial cost of the
project will exceed the economic cost.
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an example Fig. 1 graphically describes the impact of
dispersion on air pollution concentration and population exposure.
Clearly, with our approach large co-benefits are only
obtained if significant reductions in PM10 emissions
occur at a fairly low height. For instance, emission
reductions are not much larger at project no 2 (the electrical arc furnace), 1440 tons TSP, than at project no. 3
combined (cycle power production), 1112 tons. Yet the
difference in economic health benefit is huge, 19 million
USD versus 0.1 million USD. That high stacks relieve
local health effects is a result in agreement with earlier
work for instance by Wang and Smith (1999) [42]. However, it should be kept in mind that emissions from high
stacks contribute to long-range pollution transport in
China. Damage to crops and forests may be caused by
particles [10], SO2 and NOx. SO2 and NOx are precursors
of acid rain, which is a serious problem in parts of China
[31]. However, in the Shanxi area the acidity is largely
neutralized by natural and man-made alkaline dust. Still
SO2 may have direct effects on vegetation. NOx is
important for ozone formation, which may cause serious
crop reductions [3]. Benefits of reducing the Taiyuan
contribution to long-range transported pollutants are difficult to estimate but are likely to be substantial.
Several local environmental co-benefits have also
been neglected. Reduction in concentrations of TSP,
SO2, and possibly ozone should improve crop yields in
the area and reduce soiling and corrosion of materials.
Due to a fairly dry climate, the material damage from
pollution may be less than further south in China, but
this needs further study.
4.4. Sensitivity analysis and uncertainties

4.3. Environmental co-benefits
We proceed to discuss the co-benefits to health associated with the projects. Unit prices used for health
effects are included in Table 3. Our estimates for
weighted population exposure reduction, ⌬PWE, and
economic benefits due to reduced health damage of particles are given in Table 5. In all cases the benefit from
life years gained contributes one third of the economic
value. The largest health benefits are obtained with project 2, the electrical arc furnace at Taiyuan Iron and Steel
Company Ltd. The large reduction in TSP emissions at
a fairly low height is the reason for the large improvement. The other projects at Taiyuan Iron and Steel Company (projects 1, 3 and 4) have small local health benefits. The main reason is that the emission reductions,
which almost all are associated with electricity production, are from high stacks. Outside of the Iron and
Steel company project 5 (district boiler house) and project 6 (coal briquetting) generate large health benefits
since the reductions in these cases originate at fairly low
emission heights. Using the coal briquetting project as

The uncertainty in our estimates of health benefits is
large and we devote space to discussing its magnitude.
We start by indicating numerical sensitivity in our model
framework. From this sensitivity, and in consultation
with the literature we estimate the standard deviation of
each major end-point. We use the estimated standard
deviation to indicate confidence intervals for each endpoint, and show how the intervals may be combined to
indicate a confidence interval for total benefits from a
project. The lower limit of this interval is of particular
interest.
First we discuss vulnerability to meteorological conditions, using ⌬PWE as an indicator of end-points. The
rows marked Year 1 and 2 in Table 6 show results for
the meteorological conditions for two years (from November 2000 and from November 2001, respectively).
Results are given for all 5 projects resulting in significant
health benefits. The difference is slightly above 10% for
project 2 (arc cast furnace), and less for the other projects. The averages of the results for the two years were
used in Table 5.
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Table 3
Exposure-response functions for health effects
Health end-point
(abbreviations)

Rel. coeff.a

Lowb

High

Abs. coeff.c

Low

High

Unit price (US$)

Life years lost
Outpatient visits (cases)
(OPV)
Emergency room visits
(cases) (ERV)
Hospital admissions
(cases) (HA)
Work day loss (WDL)
Respiratory
symptomdays in children
(ARS-Ch) (person-days)
Respiratory
symptomdays in adults
(ARS-Ad) (person-days)
Chronic respiratory
sympt. in children
(cases) (CRS-Ch)
Chronic respiratory
sympt. in adults (cases)
(CRS-Ad)
Asthma attacks (AA)
(person-days)

See text
0.05

0.02

0.09

4.73

2554

1088

4068

1992
12.5

0.01

0.00

0.02

0.16

17

5

31

12.5

0.24

0.06

0.42

0.07

163

41

285

2500

0.43
0.55

0.28
0.36

0.59
0.82

6.30
14.6

21955
15096

14296
9963

30635
22694

1.75
12.5

0.27

0.20

0.33

14.6

32267

23665

39047

12.5

0.28

0.19

0.37

0.0035d

2

1

2

3700

0.84

0.60

1.07

0.0035d

24

17

30

300

0.06e

0.03

0.20

900

6000

1.00

Present
freq.

0.03f 1800

a
Relative coefficients and absolute coefficients indicate, respectively, the percentage change and the absolute change in annual number of cases
per million people (all ages) per 1 µg/m3 change in ambient concentration of PM10.
b
Low and high estimates represents tentatively ±1SD.
c
The share of the population that is ⬍14 yr of age (19%) is incorporated in the functions that apply to adults and children specifically. Thus,
the functions are applicable to each unit of total population.
d
Annual incidence rate from [26].
e
Number of excess asthma attack per asthmatic.
f
Frequency of asthma in the population (based on a study in Guangzhou, see [5]).

Table 4
Main data for projects including direct and total emission reductions
Project

Project no
1 CDQ
Project no
2 EAF
Project no
3 CCPP
Project no
4 TRT
Project no
5 DBH
Project no
6 CB

Investment Electricity
(mill USD) generation or
electricity
savings
(GWH/a)

Coal savings
Annual cost Direct TSP Direct SO2 Indirect TSP
from electricity (mill.
(t/a); Height (t/a)
(t/a) Height
or directly
USD/a)
180–230
(tce/a)

Indirect SO2
(t/a)

Total CO2
(t/a)

24.1

18.1

7312

2.1

116; 100/120

61.5

27.7

11,194

6.66

218,968

⫺27.6

19,190

15.7
17.5

67.5
8.0

542
47.5

155

37

185

17,549

1384; 5/20

0

56

283

26,866

0

1095

5540

525,523

⫺2.1

17.5;
100/120
0

0

96

486

46,056

20,000

1.8

750; 12/30

na

0

0

48,000

100,000

0.4

3200; 30

8640

0

0

240,000

Based on feasibility studies, interviews with managers etc. in Taiyuan, winter 2002. Annual costs are estimated using the formula annual costs =
annual investment costs ⫺ annual value of electricity production/savings ⫺ annual value of coal savings. See section 3.4 for economic data. Project
1 includes value of water savings, 0.097 million USD/a. Project 6 includes increased income from sales of briquettes. See section 4.1 for direct
and indirect emission data. Total emissions consist of direct and indirect emissions.
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Table 5
Estimated ⌬PWE and economic benefit of abatement options (mill. USD)
Project no 1 CDQ
Mortality
Outpatient visits
Emergency room visits
Hospital admissions
Work day loss
Acute resp. symptoms
in children
Acute resp. symptoms
in adults
Chron. Resp. symptoms
in children
Chron. Resp. symptoms
in adults
Asthma attacks
SUM
⌬PWE

Project no 2 EAF

Project no 3 CCPP

Project no 5 DHB

Project no 6 CB

0.01
0.00
0.00
0.01
0.00

6.36
0.35
0.00
4.41
0.42

0.03
0.00
0.00
0.02
0.00

4.26
0.23
0.00
2.96
0.28

4.33
0.24
0.00
3.00
0.28

0.00

2.04

0.01

1.37

1.39

0.01

4.37

0.02

2.93

2.98

0.00

0.07

0.00

0.05

0.05

0.00
0.00
0.03
0.01

0.95
0.02
19.00
5.24

0.01
0.00
0.10
0.03

0.64
0.01
12.73
3.51

0.65
0.01
12.94
3.57

Project no. 4 TRT left out since it generates no co-benefits at the two-digit level.

Fig. 1. Map of Taiyuan showing the effect of the abatement option
“Coal briquetting”. Contours show how the annual concentration of
PM10 is reduced (µg/m3). Graduated colour indicates the degree of
population exposure reduction from the abatement option (calculated
as ⌬PM10 times population in each grid).

The meteorological model parameters in Table 1 were
varied for project 5 (district boiler house). Reasonable
variations in the albedo and Bowen ratio had little effects
on the results. Changes in the roughness length of ±20%
had also minor effects, but doubling the value gave an
approximately 25% lower ⌬PWE-value.
Results thus seem to be robust to changes in meteorological conditions. We move on to physical and technical
conditions. For project 2 (arc cast furnace) the uncertainty is related to the emissions within the factory hall.
We tried both to increase and decrease the PM10 emission rate with ±20%, denoted high and low in the table.
The change in ⌬PWE was proportional (±20%). We also
tried to increase the emission height from 5—8 m. This
had a minor effect on the results.
For project 6 (briquetting) the emission reductions
take place at stacks modeled as area sources. In the base
runs the emissions were assumed to occur between 20
and 40 m. We also made runs varying both average
emission height and the height interval where emission
occurs. The model run with height interval 25—35 m
gave slightly less ⌬PWE than the base run. Decreasing
the height by 10 m increases ⌬PWE by more than 50%
while 10 m increase in the height results in a reduction
of about 30%. The exact locations of the emission
reductions implied by this project are not known. We
therefore made a model calculation with less reductions
in the most densely populated areas compared to the base
run. This resulted in a nearly 25% reduction in ⌬PWE.
Based on these experiments, which are summarized
in the bottom five rows of Table 6, we find that results
are sensitive to physical/technical conditions like stack
height and emission rates.
Sensitivity of results to deviations in the doseresponse functions can be derived on the basis of Table
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Table 6
Values of ⌬PWE for various assumptions. The meteorological conditions for year 1 were used in all calculations except in the row marked year 2
Project 1
Year 1
Year 2

Project 2

0.0068
0.0074
Low
High
H 8m

Project 3
4.95
5.53
3.83
6.06
4.57

Project 5

0.0283
0.0280

3. However, the standard deviations given in Section 3.3
(see Table 3) do not represent total uncertainty in these
functions. Since the functions are based on studies in
other areas, the transfer to Taiyuan adds substantially to
the uncertainty. We have applied functions from China
when possible to minimize this uncertainty. However,
there are so far no Chinese studies of chronic mortality,
the most important impact, and we had to use results
from the USA obtained for much lower particle concentrations than found in Taiyuan. According to [44], and
discussed by Aunan and Pan [6], extrapolation of health
impact slopes for PM10 beyond 150 µg/m3 must be done
with extreme care due to possible flattening of the curve.
If the curve flattens we will overestimate the chronic
mortality effect. On the other hand, the estimation of life
years gained was found to give approximately half of
the monetary benefit obtained by the more commonly
applied method of estimating reduced mortality [4].
Further major contributions come from estimation of
PM10 from TSP, and uncertainties in unit prices for
effects.
The sensitivities of Table 3 and Table 6 have been
put into context in a recent paper by Rabl and Spadaro
(1999) [30]. They argue that, being products of independent variables, most distributions of individual endpoints are close to lognormal by the central limit theorem. To obtain upper and lower bounds at the 68%
confidence level the central estimate should be multiplied respectively divided by the standard error sg. To
obtain the 95% limits sg2 must be applied.
Rabl and Spadaro (1999) [30] move on to give subjective estimates of standard errors. They give sgi = 2 for
dispersion. The results in Table 6 indicate that the value
may be lower in our study. For instance, doubling the
roughness length reduces our estimate 25%, which
would correspond to sgi = 1.33. Although larger parameter changes would give larger deviations, we also take
into consideration that the model base run gives reasonable concentrations for SO2 and TSP compared to observations. For uncertainty in the exposure-response function, [30] gives sgi = 2 for transfer from other region
and 1.3 for regression both for mortality and hospitaliz-

Albedo 0.28
Albedo 0.42
Bowen 1.6
Bowen 2.4
Rough. 0.4
Rough. 0.6
Rough. 1.0

Project 6
3.41
3.62
3.42
3.40
3.41
3.41
3.67
3.20
2.46

H 20 ±10m
H 30 ±5m
H 40 ±10m
Other location

3.49
3.65
5.51
3.30
2.38
2.67

ation. The latter value is lower than given in Section 3.3.
The total standard deviation σg for chronic mortality is
4 according to [30]. For hospitalization the total standard
deviation is 2.9.
Based on our own results in Table 3 and Table 6,
which are lower than [30] in terms of dispersion, but
higher in terms of exposure-response, we illustrate
uncertainty in total health benefits by assuming sg to be
4 for chronic mortality and outpasient visits, 3.5 for work
day loss and 4.5 for hospital admissions and respiratory
symptoms (both acute and chronic). This means that the
individual benefit estimates for chronic mortality and
outpatient visits lie between [0.25m, 4m] for a 68% confidence interval, with m being expected value. Individual
benefit estimates lie between [0.06m, 16m] for a 95%
confidence interval. Inserting for m in the estimate for
chronic mortality impact, project no 2 for instance,
yields intervals of [1.59, 25.44] million USD and [0.38,
101.76] million USD respectively.
These are quite large uncertainties, especially for the
95% confidence intervals, but of course much of the
uncertainty is irrelevant in the sense that it strengthens
the tendency for co-benefits to overwhelm costs. We are
interested in determining the lower benefit level that we
can trust with confidence. We discuss such a lower benefit level, using project no. 2 as an example.
To calculate a lower benefit level we note that total
expected benefits mainly are made up of the three endpoints mortality, hospital admissions and acute respiratory symptoms (in children and adults). Taking lower
limits of each of these end-points and adding, we obtain
4.00 million US$ for the 68% level and 0.93 million
US$ for the 95% level. This means the probability that
the true benefit is below 4.00 is at most 16%, and similarly for 0.93 (2.5%).1
However, the probability that each end-point simultaneously are below their lower level is less than 16%.

1

16% is obtained since the 68% level means there is 16% probability that the true value is below the lower limit, and 16% probability
it is above the higher limit.
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When end-points are stochastically independent, which
seems a reasonable assumption in this case, sums and
averages tend to revert to the mean, just as flipping two
coins simultaneously tend to produce one head and one
tail more often than two heads and two tails. To indicate
the reversion to the mean we may again apply the central
limit theorem. The central limit theorem applied to the
three end-points yields 9.66 million US$ for the 68%
level and 2.15 for the 95% level. Three addends are
maybe too few for the Normal approximation to be
close, however.
Two procedures have generated values of 4.00 and
9.66 for an indicated 68% level of total benefit in project
no. 2, and similarly for the 95% level. We will argue
that the true 68% level is between the values 4.00 and
9.66 million US$. As it happens, the cost of project no.
2, which we recall is 6.66 million US$, lies midway
between the two values. We conclude that the probability that co-benefits of project no. 2 are at least 6.66,
where the project gives net benefits independent of CO2reductions, is 84% or more.
4.5. Economic and social costs
Notwithstanding uncertainties a number of interesting
observations are obtained from pulling together the estimated costs and environmental co-benefits as illustrated
in Table 7.
The CO2-reduction cost of the coke dry quenching
(CDQ) project is more than 100 US$ per ton, and it has
hardly any co-benefits. When introducing this paper we
claimed that cleaner production projects may double as
climate change projects that are eligible for CDM funding. The coke dry quenching project does not validate
the claim. Without further funding support it is not competitive as a CDM project. The international CDM market currently quotes prices of around 5 US$ per ton with
10 US$ a possible price in the longer term (e.g., [28]).
The CO2-reductions would have had to be at least an
order of magnitude larger for the coke dry quenching
project to be competitive.
The next project on the list is the electrical arc furnace
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(EAF). In terms of economic costs of CO2-reductions
this project is in the high end. 250 dollars per ton CO2reductions is quite a lot higher than other alternatives.
But then the project delivers co-benefits that in the central estimate bring net benefits of about 500 US$ per ton
CO2! The co-benefits of this project are uncertain, but
our treatment of the uncertainty in section 4.4 indicates
that they are at least as large as economic costs, and
could be much larger. Factoring in the co-benefit turns
an expensive project in terms of CO2-reductions into a
quite beneficial one per unit of CO2. Part of the reason
is that the CO2-reduction is moderate. Given this situation the project is better described as one that primarily
produces local and regional environmental benefit, with
a CO2-benefit on the side, than as a CO2-project with
local and regional co-benefits. The advantage of the integrated approach to environmental impact analysis is of
course unaffected by such a switch of terms.
The combined cycle power production (CCPP) project
is economically profitable. The economic profitability is
close to 30 million US$. It also saves half a million tons
of CO2 and in contrast to the CDQ project obtains a
negative social cost of CO2 reduction of more than 50
dollars per ton. In contrast to the EAF project, the estimated co-benefits are negligible since emission
reductions occur at high stack height.
The Top gas pressure Recovery Turbine (TRT) is
economically profitable because of a huge amount of
electricity generation compared to the initial investments. Since all the emission reductions of local pollutants are indirect and occur at high stacks, the estimated local benefits are insignificant. However, this
project should be economically viable as a CDM project
because of the negative costs per ton of CO2 reduced.
The District Boiler House (DBH) project turns out to
be expensive in terms of economic cost, but the cost
is not outrageous. Besides, the project contains vast cobenefits and is obviously beneficial when these are factored in. The project could be defended as a CO2reduction project with highly significant co-benefits, or
a project to reduce urban pollution with significant benefits for climate. China and other countries have in later

Table 7
Annual costs and benefits of CO2 reductions

CDQ
EAF
CCPP
TRT
DBH
CB
All projects

Abatement Cost (mill. Local health benefits
US$)
(mill. US$)

CO2-reductions (tons)

2.1
6.66
⫺27.6
⫺2.1
1.78
0.4
18.76

17,549
26,866
525,523
46,056
48,000
240,000
903,994

0.03
19.00
0.10
0.00
12.73
12.94
44.80

Economic costs of CO2 Social costs of CO2
reductions US$/tonCO2 reductions
US$/tonCO2
120
248
⫺53
⫺46
37
2
⫺20.75

118
⫺459
⫺53
⫺46
⫺228
⫺52
⫺70.31
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years invested heavily in district heating in order to
reduce urban air pollution problems. The analysis of this
project indicates that additional such investments are
highly beneficial, at least in Taiyuan.
The briquette factory yields a cost in the 0–5 US$
range currently covered by CDM trading. The economic
cost is low since the project saves as much as 240,000
tons of CO2 at a cost of 400,000 US$. At 2 US$/ton
CO2 the estimated economic cost is substantially lower
than the 27 US$ estimated by Aunan et al. [4]. That
estimate was based on a nation-wide assessment of the
price of briquettes (6 US$/ton coal) divided on the CO2reduction. Our estimate here is based on the investment
cost of the factory, with a deduction for income from
sales of briquettes. This estimate implicitly assumes that
income from sales of briquettes has a counterpart in willingness to pay for briquettes, as opposed to a regulatory
decree. This might be questionable. If 5.4 million US$
income from sales of briquettes is not deducted, estimated costs increase to 24 US$/ton CO2. In any case the
cost per ton CO2 is overshadowed by the estimated cobenefits, which weigh in at about 54 US$/ton.

5. Conclusions
The paper has analysed the costs and co-benefits of
six cleaner production projects in Taiyuan, China’s first
cleaner production demonstration city. Looking across
the six projects we make the following observations.
First of all, despite the fact that all projects increase
energy-efficiency and save emissions, only three of the
six projects obtain substantial co-benefits with our methodology. The primary reason for this is that emissions
at stack height around 200 m have an insignificant
impact on urban air quality and health compared with
emissions at heights 30 m and down. This difference
shows the value of detailed dispersion modeling when
calculating co-benefits. Although the importance of
emission height has been emphasized in earlier studies
(see e.g. [42]), we know of no other study where the
effects of emission conditions and meteorology on
exposure have been studied in such detail for specific
projects.
We consider the detailed modeling of the mechanisms
leading up to exposure to be an important contribution
of this paper to the methodology of co-benefit estimation
and integrated assessment. The conclusion that stack
height matters a great deal is confined to short-range
impacts on urban air quality, however. Emissions of
SO2, NOx and particulate matter may in addition contribute to long-range pollution transport, the formation of
so-called secondary particles etc., which contribute to
regional air quality. We leave the modeling of longrange pollution and secondary impacts for later research.
Our second main conclusion is that not all cleaner pro-

duction projects are low cost options in terms of economic cost. For instance, four projects at Taiyuan Iron
and Steel, which from the point of view of funding and
the regulatory process are treated similarly, turn out to
have significantly different economic costs. Two of the
projects, the combined cycle power production and the
top gas pressure recovery turbine, are definitely profitable in an economic sense, though they may be less so
in a financial sense if they are not credited the full value
of their power production. The two others are quite
expensive options in terms of economic costs. Of these,
the electrical arc furnace project generates very substantial co-benefits and it is clear that it should be pursued
for non-CO2 reasons. The coke dry quenching project
does not have significant co-benefits to offer. In the
literature discussing reasons for the (lack of) progress in
implementing cleaner production projects, institutional
and financial barriers have been prime explanations. Our
analysis suggests that an additional explanation may be
that some projects simply are expensive compared to
benefits. Thus at least in Taiyuan the traditional explanation should be modified.
A third main conclusion from our research is that
despite the high economic costs, all but one of the projects we have analyzed show negative social costs, that
is, they generate net benefits. They generate net benefits
to society that per ton of CO2 go from 46 to about 460
US$. The total economic and environmental net benefit
of the six projects amount to about 64 million US$ annually. That is a significant (and recurring) free lunch for
a low-income city like Taiyuan and indicates that the
cleaner production projects of the city may be well worth
their costs. Moreover, most of the benefit would have
been hidden by economic costs if not for the estimates
of co-benefits. It is important to continue to collect evidence of co-benefits in developing countries and
developed countries alike.
As a fourth conclusion, our research offers some support to the assertion made in the introduction that cobenefits are especially large in developing countries. We
made that claim since emission reductions from a fossil
fuel saving other things equal will be greater when there
is little end-of-pipe abatement, as is typically the case
in developing countries. On the other hand, willingness
to pay for a given emission reduction will typically be
lower in a developing country. With impacts of quantity
and “price” going in opposite directions, the net effect
on co-benefit is an empirical question.
Empirically we find co-benefits between 0–700
US$/ton CO2. The average is 50 US$/ton CO2. By comparison a recent paper by Burtraw et al. (2003) [9], for
instance, estimates benefits of 3–4 US$/ton CO2 in the
U.S. Brendemoen and Vennemo (1994) [8] estimate 66
US$/ton CO2 in Norway. Several additional estimates
are surveyed by [21]. Most of them are below 50, which
is why we find some support for the claim that co-bene-
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fits are greater in developing countries. However, the
great variation in co-benefit estimates, both in this paper
and in the literature, is perhaps more striking than disparities between developing and developed countries.
A fifth and final conclusion from our research is that
cleaner production projects of the energy efficiency kind
that we have studied do not necessarily double as climate
saving projects of interest for the Clean Development
Mechanism (CDM). We draw this conclusion from the
fact that only one of the projects, the briquette factory,
offers an economic cost below the current CDM benchmark of 5 US$/ton CO2 and significant co-benefits that
satisfy the requirement of sustainable development and
lubricate the CDM transaction process. Another project,
the combined cycle power production, offers a cost of –
53 US$/ton CO2, but in a sense this cost is too low. If
the project is able to turn such a profit the additionality
requirement of CDM may be questioned. The top gas
pressure recovery turbine is in a similar situation with
costs of –46 US$/ton CO2. Still, it should be noted that
the six projects in total save almost a million tons of
CO2.
The remaining three projects are more expensive in
terms of economic costs than 5 US $/ton, but on the
other hand two of them yield large benefits. From an
integrated perspective they should be activated. There
are surely many projects of this kind in the developing
world. To break the funding deadlock for such projects
a way to proceed could be co-financing between international CDM funds and domestic funding or foreign
aid. This possibility deserves to be analyzed in more
detail.
The large difference in co-benefits also suggests that
a broad mechanism like the CDM fails in internalizing
all benefits. The enforcement of environmental standards
may therefore also be needed in order to limit emissions
and avoid local emission hot spots.2 More generally,
when there are two policy objectives, local and global
environmental improvement, clearly two (independent)
policy instruments are needed to meet the objectives in
an efficient way. More than two objectives require more
than two instruments etc. Thus climate policy cannot do
the job alone. One needs a hierarchy of environmental
instruments in order to meet diverse environmental
objectives.
The present study may be improved in several ways.
Better estimates of reductions in concentrations of air
pollutants may be obtained with more accurate data on
emission reductions and meteorological conditions. The
limited knowledge of PM10 in the emissions adds to the
uncertainties. More accurate population densities would
also be valuable. Clearly the dose-response functions
need improvement especially when transferred from

2

We thank a referee for this point.
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western countries. The unit prices for health effects are
also largely based on western studies. Better health statistics from Taiyuan would improve estimates of health
effects. Reductions in damage to materials and vegetation could be quantified at least roughly. More
detailed project plans are necessary to improve the benefit-cost analysis and to evaluate projects as candidates
for CDM.
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