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Abstract

Based on a household energy use survey, this paptres the technical and economic
potential of residential energy savings in a Chengsy, Xiamen. The survey adopted a similar
guestionnaire used by the U.S. EIA’s Residentiargyn Consumption Survey (RECS), covering
the end-uses of cooking, water heating, plug-idiappes, lighting and space cooling. The
analysis shows that the technical potential of gneavings in Xiamen'’s residential buildings is
significant, around 20%. Of the technical poten@diout two-thirds to four-fifths are cost-
effective from a whole society perspective. Thet-@fectiveness was evaluated by comparing
the Levelised Cost of Conserved Energy (LCOCE)dobaced technical measures with the
actual cost of conserved energy. The actual cosherfgy is defined by adding the carbon
emission cost and hidden government subsidiestbeeaetail prices of energy. About three-
guarters of the technical energy-saving potentiddieBmen come from adopting efficient
household appliances, therefore, further tightetinegenergy efficiency standards for key

household appliances and promoting wide diffusibefficient models of appliances by various

! Corresponding author. Tel.: +43 2236 807 409; fax: +43 2236 71313. E-mail addresses: guof@iiasa.ac.at,
guofei2003@gmail.com (F. Guo).
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effective financial incentives are essential fdniaging residential energy savings in China’s

“Hot Summer and Warm Winter” region where Xiamecdies.

Keywords: technical potential, economic potential, energyirsgs; household energy

consumption, levelised cost of conserved energyleatial buildings

1. Introduction

Being the largest carbon emitter in the world, @srCQ emissions closely relate to its energy
consumption. This is mainly because of China'’s lgefapendence on the use of coal, about 70%
in primary energy consumption [1]. Both China’salgirimary energy use and G@missions

have been significantly increased from their 199&ls, about six and four times respectively

[2]. Although the deployment of nuclear, hydro, tpmwmal, solar and wind energy has been
increasing very fast in the nation, they togethidraccount only for a tiny share (around 5%) in
China’s primary energy supply [3]. Therefore, imyng energy efficiency will remain crucial in

the long run for China’s commitments to climate raja mitigation.

The residential building sector in China accountsaf significant share (approximate to 25%) of
the nation’s total final energy consumption [3].addition, owing to fast improvements of
people’s quality of life, the residential energynsamption intensity (per capita) in China has
been increasing (see Figure 1). It increased bytad®o from 2005 to 2014, in sharp contrast
with the significant drop of about 46% in Chinaslustrial energy intensity (per 1000 Chinese

Yuan industrial GDP) during the same period [15,4,

Given China’s continuous economic growth and falsanization, its residential energy
consumption and related G@®missions are expected to have a substantialaseria the

foreseeable future with the business-as-usual soeffaomoting energy efficiency and
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conservation in China’s residential building seétotherefore, urgent. To address this issue, a

fundamental step is to analyze the energy-savitgnpial in Chinese residential buildings.

Much research has been done on energy-saving @bt@nalysis in buildings. However, the
adopted analytical approaches vary among studigbelresearch [6-11], the potentials were
estimated based on the efficiency difference betveegsting technical measures in the building
stock and anticipated advanced measures in theatnditke studies [12-14] focused on the cost-
effectiveness of energy-saving potential, whileiBret al. calculated the potential by assuming

policy scenarios first [15].

Nonetheless, the U.S. Environmental Protection Agar2007 Guide for Conducting Energy
Efficiency Potential Studies” (hereafter referrecas the 2007 EPA Guide) suggests a
conceptual framework of standard approachesrergy-saving potential analysis [16]. This
framework could well cover the existing potentiahbysis approaches. By taking the view of
efficiency as the supply-side alternative, the 2BA Guide divided the energy-saving
potential coming from energy efficiency improvengeimto four categories: technical, economic,

achievable, and program potential.

In the 2007 EPA Guide, technical potential wasrdEfias “the theoretical maximum amount of
energy use that could be displaced by efficientsyedarding all non-engineering constraints
such as cost-effectiveness and the willingnessidfusers to adopt the efficiency measures;”
economic potential referred to as the “subset etéichnical potential that is economically cost-

effective as compared to conventional supply-sitergy resources” [16].

Both the EPA’s definitions of technical and econopotential assume “complete” and
“immediate” replacement of existing technical measiby advanced ones, and they are,

therefore, static potential analysis. In contréet,achievable and program potential analyses
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involve a dynamic calculation process as they neednsider the real-world gradual adoption
process of advanced technical measures (i.e. j@asliand replacements) within a certain time

horizon as well as to take into account consunarsices of efficiency-different appliances.

Different potential analysis serves different ppiiaking needs, and adopts different analytical
approaches [16]. Static technical and economicpialestudies target to help policymakers to
design general energy policies for a sector. Ingammson, dynamic achievable and program
potential research is for assessing the impagbegiic incentives on energy savings within a

sector.

Using Xiamen city in China as a case study, thpgepaxplores static technical and economic
energy-saving potentials in Chinese urban residentiildings. The analysis in this paper is
based on a household energy use survey conduckdrren in 2012, which adopted the same
survey methods used by the U.S. Energy Informatidministration’s Residential Energy

Consumption Survey (RECS) [17].

Xiamen lies in southern China’s Fujian provincdphging to the “hot summer and warm winter
(HSWW)” climate zone according to the nation’s sléisation in energy performance design of
buildings. Owing to its warm climate (all-year-ralaverage temperature of 21°C) [18], space

heating in the city is not needed. Hence, our siagdousehold energy consumption in Xiamen

includes the end-uses of lighting, cooking, watsathng, plug-in appliances and space cooling.

Space heating is needed in northern China whetectli®r centralized) systems are dominant.
These district systems widely lack household cdimgmeasures. Consequently, the space

heating energy consumption in China is usuallyaduhe control of households themselves.

>The analysis of dynamic achievable and program residential energy-saving potentials in Xiamen city was
presented in another paper [https://doi.org/10.1016/j.rser.2016.04.070]. These two papers adopt completely
different analytical approaches suggested by the EPA [16], although they partly share the common data from our
household energy use survey in Xiamen city.
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Therefore, by studying Xiamen’s household energysamption, this paper principally focuses
on the part of energy consumption in Chinese urbaitlential sector that can be substantially
influenced by the household’s own lifestyles orugzant behaviors. In fact, as the use patterns
for the end-uses of lighting, cooking, water hagtplug-in appliances and space cooling do not
vary much among Chinese cities [19], the Xiamer ca represent to some extent the

residential energy consumption excluding spacergat northern Chinese cities as well.

In addition, being one of the most developed citie€hina (with a per capita GDP of about 1.8
times the national average) [1, 18], the overditieincy levels of household appliances in
Xiamen are relatively higher than the Chinese ayeerdherefore, exploring the residential
energy-saving potential in Xiamen can be seencamservative (or “safe”) choice for estimating

the scale of potential in the nation.

2. Methodology
2.1 Analysis method for technical potential

According to the definition of technical potentgaven by the 2007 EPA Guide as well as
referring to Swisher et al. [16, 20], the generdtulation principles of technical potential can be

expressed as follows:

EEG; = f (EE(inew ny EE(icur)) 1)
ESPL == OSL X UEC(i,CuT) X EEGL (2)
ESP = ¥i_1 ESP;/¥i21[0S; X UEC(; cury] ()

where the subscripi™denotes a certain type of household energy eedegsipment;EEG;”

stands for the energy efficiency gap between thst ificient alternative available in the market
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“EE i, new nj and the existing stoClEE ;, cur)” , which is expressed in the form of reduction
percentage in energy use from the current energguwuoption level (it is worth noting that the
EEG calculation varies for household equipment, asd alosely relates to selected energy
efficiency indicators); 0S;” represents the average ownership of equipméritihits per
household);UEC, cuny” indicators the “Unit Energy Consumption (UEC)"tbé existing stock
of equipmenti” (MJ/unit-year) - the concept and calculation ofQJi&r various household
equipment can refer to the NREL [21] and the EIR]{2ESP;” stands for the energy savings
(MJlyear) achieved from adopting the efficiencyHagt alternative (or measure) for equipment

i” ;“n” denotes the total number of involved energy erelagglipment;ESP” is the total
technical potential of energy savings (expressetierform of a reduction percentage from the

current energy consumption).

Equation 1-3 present only the general calculatiamcples for technical potential. In practice,
such a calculation is often complex for severasoea, First, the selection of feasible technical
measures should be closely based on a compreheamsliesis of current residential energy use
pattern, which is often difficult to be obtaineddaveloping countries because of the availability
of household energy use survey data (e.g., no REC&ina yet). Second, the efficiency
indicators of feasible technical measures vary,thei selection is often restricted by existing
energy efficiency policies. For example, whethenat there exist energy efficiency standard
and labeling (EES&L) schemes for household appéanghird, the “interlinked impacts” of
different technical measures need to be considstemh as the impact of retrofitting building
envelopes on the cooling load of room air cond#isn Last, there are uncertainties with regard
to the “replacement effects” among different typésertain appliances. As an example, there
are two basic types of washing machines in the €f@market, top-loading type and front-

loading type. The two types have quite differerinemnergy efficiency [23], and each accounts
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for a significant stock share in Chinese househditiss, to calculate the technical potential
obtained from washing machines the “replacemeettst between the two types must be taken

into account.

As shown in Equation 1-3, the main data requireddohnical potential calculation are four:
“0S;", “UEC i cun” s “EE i, cun)’ » aNdEE, new ny. Of them, the first three mean knowing the
household energy use pattern that can be obtaioedd designed household energy use survey,

while the last one can be collected from a marietesy.
2.2 Analysis method for economic potential

As mentioned in Section 1, economic potential keterthe aggregated technical potential that
are evaluated as being cost-effective. Therefarkey for calculating economic potential

becomes how to evaluate the cost-effectivenessletted advanced measures.

In reality, there are often multiple options witlfferent energy efficiency available in the

market for a certain appliance. China’'s EES&L scegfior household appliances usually adopt
three or five tiers of efficiency [23]. Among thes#iciency-different options, the one with

higher efficiency is usually more expensive. Therefthe equipment with the lowest-efficiency
available in the market can be viewed as consurbaline (or reference) option for replacing
the existing one, while the others are superioioogt Between the baseline option and each
superior option, two gasps exist: an energy efficyegap and a cost gap (also called incremental

cost) [19, 24-25].

According to the ACEEE [24], the cost-effectivenega technical measure is determined by if
its “Levelised Cost of Conserved Energy (LCOCE)less than the average retail price of
energy. This paper focuses on the significancenpfoving residential energy efficiency in the

nation, therefore, a whole society perspectivaken in the economic potential analysis. From a

Page 7 of 28



whole society perspective, the technical measinascain contribute to the “economic potential”
of energy-savings can be screened by comparingltB€ CE with the actual social cost of

conserved energy. The judgment rule can be presastéllows [24]:
LCOCE (TM;) < ACenergy (4)

where TM;” stands for an advanced technical measiite ACenergy denotes the actual social

cost of energy.

According to the NREL [21], the LCOCE of an advathemergy-saving measure can be

calculated as follows:

ocg;
. n @@t
ICa0 t2t=177; (5)
n CEGiD
t=1(1+a)t

LCOCE(TM;) =

where“t” represents the lifetime of the advanced measufg¢t=1" and“t=n" then

respectively meatthe first year” and“the last year” of the measure’s lifetime}|C (0" stands
for the incremental upfront cost of the measiire “OC " represents the incremental operation
cost in the yealft” ;“CE ;" means the conserved energy in the y8arcaused by adopting the

measuréi” :“d” is the discount rate.

The energy used in Chinese urban residential Imgtdis basically two types: electricity and
natural gas (or liquefied petroleum gas instea8l), [therefore, theACenergy in Equation 4

mainly means the actual social cost of electrioitypatural gas for urban Chinese households. In
China, the retail price of electricity (or natugals) for households is subsidized directly and
indirectly in many forms by the governments (etax, benefits, less cost of land use for utility
companies), and is intentionally underrated fragraittual cost because of certain concerns (e.g.,

as social welfare to households) [26-27]. In additthe environmental externalities of energy
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production and consumption is usually not considénesnergy pricing in China. Therefore, in
order to better evaluate the economic potentiaingfrgy-savings from a whole society
perspective, the actual social cost of energy im&heeds to be measured at least by including
three components, retail prickPenergy ), government subsidieSqSenergy ) and externality

cost (EXenergy ) (electricity: “Yuan/kWh”; natural gas: “Yuan/MJ"shown as follows:

ACenergy: RPenergy"'GSenergy" Exenergy (6)

A comprehensive evaluation of the negative enviremia effects of energy consumption is
challenging, and beyond the scope of this rese#mdhis paper, the externality cost of energy
use in China only includes related carbon emissast considering the existing domestic carbon
trading market. This will underestimate the ecoropatential to some extent as the emission
costs of other air pollutants (e.g., SOx, NOx aMPF5) and their negative health effects are not

covered.

Once all the cost-effective technical measuresdametified based on Equation 4-6, the economic
potential of residential energy savings can beuwated through Equation 1-3 by substituting

cost-effective measures into them.

3 Data collection

3.1 Household energy use survey in Xiamen
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The survey questionnaire was modified from the wsed by the US EIA’s RECS. A total of 150
randomly selected households in the city were si@ddor their energy use patterns in the year
of 2011. These households are geographically disgan thirty-five sub-districts in Xiamen'’s
four core municipal districts (Hu Li, Si Ming, Jié&Wland Tong An). The four core districts
accommodate about 80% of Xiamen'’s population [T8gre are in total 350 sub-districts in the
city [18], thus our survey covered one-tenth ofth&uch a wide distribution of households in
geographic locations ensures the representativefess survey samples, which can be further
observed from the distribution of our surveyed lehwdds in several key features, such as
housing floor space, building’s age, household,sige of occupants, household income, and

education level of occupants (see Figure 2).

Figure 2 shows that the distribution of our surgaynples are quite diversified in four of these
key features, namely housing floor space, age aligents, household income, and education
level of occupants. As for the building’'s age, a®fo of our surveyed households lived in
buildings constructed after 1990. This distributwell reflects the reality in Xiamen city.
According to the Xiamen Bureau of Statistics (XB&]], it was estimated that about 90% of the
city’s existing residential buildings were constectafter 1990. In addition, the XBS reported
that the share of Xiamen households that compnigele2 persons is about 54% [29]. Our
survey samples are rather consistent with this @icthe total 150 surveyed households, 110 of
them are home owners and the rest are tenantshalsic accords with the current situation in

most Chinese cities, namely around 30% of housmitg wccupied by tenants [19].

To further check the representativeness of theeyusamples, the housing pattern of our
surveyed Xiamen households is summarized in Takdéohg with showing a comparison with

related statistical data from the XBS [30]. The $ing pattern of our survey samples and that
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represented by the XBS statistics are rather enwith each othein short, our survey samples

are fair representation of the overall househaldacstire in the city of Xiamen.

Based on our household energy use survey condircddmen, the average household energy
use pattern in the city was mapped (see FigurenSsiipplementary Information). The
residential energy intensity in Xiamen on averagahiout 208 MJ/fyear (or
8,463MJ/capita.yearCooking, with a share of about 42%, is the largesirgy end-use in
Xiamen households. Plug-in appliances, space qpalml water heating are the following end-
uses, with a share of 25.6%, 13.7% and 13.7% rasphc As over 80% of the households in
Xiamen have adopted efficient lamps, such as cotfparescent lamps (CFLs) and light-
emitting diode (LED) lamps, lighting consumes tladt energy, about 5%. In this sense, the

energy-saving potential from lighting in Xiamen ketolds may be insignificant.

In order to examine the reliability of our mappeiden household energy use pattern, a cross-
check on the household electricity consumptionnisity (HECI) between our survey and the
XBS statistics was conductedrrom our micro-level household survey, the HECI |
approximately the total of intensity of lightindug-in appliances, space cooling and electric
water heating, which was about 31.6 kWh/year in 2011. The XBS statistics showed that the
2011 HECI in Xiamen was about 33.96 kWh/gear [30], which was calculated from dividing
the macro-level total household electricity us&Xiamen by the city’s total floor space of
residential buildings. The two HECIs are in quite@dance with each other, with a difference
of only about 7.5%. This cross-check provides aoloil confidence in the representativeness

and reliability of our survey data.

3.2 Market survey

* No household gas consumption data available in Xiamen’s Statistical Yearbooks.
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Conducting technical and economic potential analyseds to know efficient options of various
appliances available in the market and relatecemeintal costs. Such information can be
attained from a market survey. For this study, Wwas mainly done by collecting related data on
the website of SUNING which is one of the largest online dealers ofdahwld appliances in

China.

The energy efficiency indicators for most housekaggliances in China have been stipulated in
related mandatory national EES&L schemes, and pteden the energy labels of appliances
[23]. The schemes categorize energy efficiency 3w 5 tiers. The Tier-1 represents the

highest efficiency of appliances available in tHer@se market.

From the market survey, the currently implementeergy efficiency indicators and Tier-1
efficiencies for main household appliances in tin€se market are summarized (see Table S-1
in Supplementary Information). The efficiency levahd capacity factures of existing appliances
in Xiamen’s households are also presented in #idé t which were collected through our

Xiamen household energy use survey.

It is worth noting that the selected efficiencyigator for refrigerators is not the one stipulated
in related national EES&L scheme (i.e., GB12021028). In that scheme, the efficiency
indicator for refrigerators is expressed as a &lrparameter of//” that represents a percentage
to an assumed energy use level, which is not aadgédor the potential analysis. Therefore, the
indicator of “daily electricity use” of refrigerat®is used in this paper instead, which is printed
on the mandatory energy label of refrigeratorssBiveying the product information on the
SUNING website, it was found that the typical rgétiators in Xiamen households (i.e., 151-230

litre volume) could be generally divided into twistihct groups in terms of “daily electricity

* http://www.suning.com
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use”, namely one baseline group with electricity about 0.47-0.49 kWh/day, and one

advanced group with about 0.37-0.39 kWh/day.

The market survey also showed that some houseppltaces in China have two basic types
that have significant difference in energy effidgnThese include room air conditioners (fixed-
speed and variable-speed), washing machines (&aprg and front-loading), and gas cook
stoves (built-in and desktop). Each basic typdefthree appliances accounts for a significant
stock share in Xiamen households. For washing mashand gas cook stoves, the energy
efficiency indicator are the same for their bagmes. However, the efficiency indicators for the
two types of room air conditioner are different arad comparable directly. The fixed-speed air
conditioners (FSAC) use “Energy Efficiency Ratide®)” as the indicator which denotes the
ratio of output cooling energy to input electriealergy, while for variable-speed air conditioners
(VSAC) the indicator is “Seasonal Energy EfficierRgtio (SEER)” defined as total cooling
output divided by total electric energy input dgyim typical cooling season. According to Xu &
Liao [31], the EER of FSACs would increase by ali6t(0.57-0.64) when adopting the SEER
testing method. To make the EER and SEER compairakleergy-saving potential analysis,

such an efficiency correction for room air condigos is conducted in this paper.

In addition, from the market survey the incremeptaichase costs of efficient appliances were
also collected (see Table S-2 in Supplementaryrimétion). It is worth noting that for some
household appliances such as TVs, rice cookerglaattic water heaters, there is no significant
price increase corresponding to the improvemesffafiency. This means that these appliances’
prices are clearly driven by other product attrésute.g., functionality, brand and design), but

not energy efficiency.

3.3 Discount rate
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In Equation 5, a discount rate is required for glting the Levelised Cost of Conserved Energy
(LCOCE). According to the NAPEE [32], three perdpeaxs are often taken for evaluating
energy efficiency improvement projects, and eadpeldifferent kind of discount rate (see
Table 2). As mentioned before, this paper takeb@evsociety perspective to conduct the

economic potential analysis, therefore, a socedalint rate is used for the LCOCE calculation.

The Asian Development Bank (ADB) summarized theaatiscount rates utilized in certain
countries (within a broad range from 3% to 15%)|[&3eported that the widely-used social
discount rate in China is 8%. A higher social disdarate of 10% for China was adopted in the
model of Policy Analysis Modeling System (PAMS) [3%he PAMS model is co-developed by
the CLASP and the U.S. Lawrence Berkeley Natioradddratory (LBNL) for evaluating the
benefits of appliance EES&L schemes. In this pagencial discount rate of 8% is used as the

reference rate, while the rates of 6% and 10% laceamlopted for a sensitivity analysis.
3.4 Lifetime of technical measur es

The typical lifetime of household appliances in @hwere stipulated in the national standard
“Safety Use Lifetime of Household Appliances” [3%he lifetime of gas water heaters was
stated in another national standard “GB 17905-2(88], suggested to be eight years. A
summary of appliance lifetimes is shown in Tabl&&: residential building envelopes in China,

the lifetime are usually viewed to be 20-25 ye8/@ .

3.5 Actual cost of energy in Xiamen

Our Xiamen survey showed that the average housetedtricity consumption in the city was
about 2,963kWh/year. According to the current nstégp electricity pricing scheme in Xiamen,
the weighted average electricity price for Xiamewseholds is about 0.5078 Yuan/kWh. The
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trading price of carbon emissions in China in JR@&7 was about 46.6 Yuan/ton according the
Beijing Environment Exchange [38]. Given China’sbman emission coefficient of electricity
generation of about 790 grams/kWh, and the avesbagricity transmission and distribution
loss rate of 6.64 % in 2015 [39-40], it is estindktieat the carbon emissions coefficient of
electricity consumption in China is about 846 grgmeskWh. Accordingly, the environmental
externality cost of carbon emissions of electricijpsumption in China is roughly about 0.0394

Yuan/kWh.

The current price of natural gas for Xiamen houshis about 4.0 Yuan/mAccording to the
EPA [41], the carbon emissions factor of natural igaabout 53.06 kg/MBTU, which is equal to
about 1.9 kilogram carbon emissions per cubic nreaiural gas use in Xiamen. This implies

that the carbon emission cost of natural gas copamin Xiamen is about 0.1047 Yuari/m

Both electricity and natural gas in China are gtilzed in various forms by the governments
(e.g., tax benefits, less cost of land use bytytiompanies), which makes their retail prices
lower than what they should be. It was estimated tiie subsidies for the residential sector

might be about 0.54 Yuan/kWh for electricity an8élYuan/ni for natural gas [27].

Based on the above information, the actual socist of electricity and natural gas for Xiamen
households should be, at least, about 1.0872 YWdmflor electricity and 5.3647 Yuanfrfor

natural gas.

4 Analysisresults

4.1 Technical potential
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Based on our Xiamen household energy use survepjcked several significant technical
measures for achieving residential energy savimgse city (see Table 4). The end-use of
lighting is not involved because of its very lindtpotential contribution. As for plug-in
appliances, this research particularly focusesoon inain appliances (i.e., refrigerators, TVs,
rice cookers and washing machines), as they togetimsume about 70% of the total electricity

use by plug-in appliances in Xiamen households sgare S-1 in Supplementary Information).

For space cooling energy consumption in Xiamenjritexlinked effects of two types of
technical measures have to be considered: retngfitiuilding envelopes and adopting efficient
room air conditioners. Cai [42] reported that réttimg walls, roofs and windows in Xiamen’s
residential buildings could contribute to a redaoietof a building’s cooling load by about 2.5%,
8.8% and 32.0% respectively from the existing leVéke existing popular envelopes of
Xiamen'’s residential buildings were those constdaturing the 1990s and 2000s (accounting
for almost 90% of the residential building stockie city), while the adopted envelope
retrofitting measures are in compliance with titedabuilding energy code, JGJ75-2012, for

China’s “Hot Summer and Warm Winter” region wher@men locates.

Compared with the measurers of retrofitting roofd windows, the cooling load cut from
retrofitting walls is relatively small in Xiamenh& main reason is that well-insulated walls in
the city could significantly impede the natural@ed-outdoor heat transfer through walls during
nighttime, and may cause an increase in coolingatienat night. Actually, given Xiamen’s local
climates the most effective way to reduce the cgpload of buildings in the city is to cut down
unnecessary heat gains from solar radiation [1Bichvexplains why retrofitting roofs and
windows are relatively much more effective. Accogly, in this paper upgrading the roofs and

windows of buildings is selected as an appropaat significant technical measure for retrofits
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in Xiamen's residential buildings. The related #mental costs are about 6 Yuafand 85

Yuan/nf for upgrading roofs and windows respectivdia].

Based on Equation 1-3, the technical potentialexdtacity saving in Xiamen'’s residential
buildings were calculated (see Table 5). Suchtential is about 33.98 MJfyear, meaning a

reduction percentage of about 29.9% from the 2Gkklne level (113.7 MJ/year).

It must be noted that the “replacement effects” mgndifferent types of certain appliances are
not considered in the calculation of Table 5. StegHacement could have a significant impact on
the scale of technical potential given the efficiedifference among different types of these
appliances. According to our market survey, theeecarrently two possible trends of appliance
type replacements for electricity consumption ian§en households: 1) VSACs replacing
FSACs; and 2) front-loading wash machines replatdpgoading ones. Table 6 shows the
replacement impacts on the electricity savingsiemén households. In Table 6, Scenario-I
does not consider the replacement between difféypas of room air conditioners or washing
machines (e.g., Tier-1 VSACs replace only curreBAZs and Tier-1 FSACs replace only
current FSACs), while Scenario-Il considers sughagement effects (e.g., Tier-1 VSACs
replace both current VSACs and FSACs). Thereftiechanges in electricity consumption
intensity between the two scenarios represenintipact of appliance type’s “replacement

effects” on the electricity-saving technical potahin Xiamen households.

If the replacement between appliance types areidenesl, the technical potential of residential
electricity savings in Xiamen might be decreased yMJ/nf- year or increased by 2.8

MJ/n?-year. This implies that the technical potentiadlettricity savings in Xiamen

> The square meter here means the floor space of buildings but not the area of roofs or windows.
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households, in the form of a reduction percentag®a the 2011 baseline level, may vary in the

rage of 26.4% to 32.3%.

Similarly, the calculation results for the techmipatential of natural gas savings are presented in
Table 7. Such a potential is about 14.84 MJjmar, meaning a reduction percentage of about
16.3% from the 2011 level. There is also a “repiaeet effect” for natural gas consumption,
namely built-in type gas cook stoves replacing tigskype ones. When considering that, the
natural gas consumption intensity in Xiamen houkihmight increase by about 1.45

MJ/n?-year, implying a drop of gas-saving technical ptié from 16.3% to about 14.7%.

In summary, the technical potential of energy sgsim Xiamen’s residential buildings is rather
significant, ranging from 26.4%-32.3% for electiycsavings, and 14.7%-16.3% for natural gas
savings, given the uncertainties of “replacemefaiots” among different types of certain
appliances. When combining electricity and natges, the overall residential energy-saving

technical potential in Xiamen will be within thegeof about 20.9% to 24.9%.

Figure 3 summarizes the contribution of various sneas to the potential. It shows that adopting
efficient gas cook stoves, use of efficient refregers, and retrofitting building envelopes (roofs
and windows) are the top three critical measurasyTogether account for approximate 80% of

the estimated technical energy-saving potentiXliamen'’s residential buildings.
4.2 Economic potential

As shown in Equation 4-6, the economic potentiallysis is based on incremental costs of
efficient technical measures. Our market surveyndbthat the efficient technical measures could
be generally divided into two categories: 1) meastiat show a trend of significant price

increase along with energy efficiency improvemanit] 2) measures that do not show such a
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trend, whereby efficiency improvements can be agdevithout any significant incremental

costs.

As shown in Table S-2 in Supplementary Informatibe, first category includes the appliances
of TVs, rice cookers and electric water heatetheChinese market. There are two main
reasons why the incremental costs for these apm@safwith the same capacity features) are not
significant: 1) the efficiency improvement costgloése appliances are negligible; and 2)
although such costs might not be insignificantythee not correctly reflected in the appliances’
pricing, that is, the pricing of these appliansedaminated by the products’ other attributes
rather than their energy efficiency. As no incretaeoost is involved in adopting efficient
models of these appliances, the technical potectiatributed by them could be viewed as
economic potential as well. According to Tablelgde three measures together (i.e., TVs, rice
cookers and electric water heaters) could congibaithe reduction of electricity consumption in

Xiamen'’s residential buildings by about 6.21 M3/year.

For the other category of appliances, the LCOCEdoipting their efficient models can be
calculated based on Equation 5 (see Table 8). @lealation reveals that there are three
additional measures that can be viewed as costteféefor residential energy savings in Xiamen
by compared the calculated LCOCE with the actualed@ost of electricity and natural gas in
the city (i.e., 1.0872 Yuan/kWh for electricity aB®647 Yuan/mfor natural gas). The three
measures are: 1) retrofitting roofs of buildingsadopting efficiency-advanced refrigerators;

and 3) adopting Tier-1 gas cook stoves.

In summary, there are in total six cost-effectiveaisures for energy savings in Xiamen’s
residential buildings (see Table 9). From Tablgi®%en the 2011 electricity consumption

intensity in Xiamen households (113.7 M3/gear), the economic potential of electricity s@gin
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would be about 18.3%. On the other hand, consigehia 2011 residential natural gas
consumption intensity of 90.9 MJ?ayear in Xiamen, the economic potential of natgea
savings would range from 14.4-16.0%. In comparisah related technical potentials of
electricity and natural gas, this means that ab6t69% of the electricity-saving technical
potential and almost all (about 98%) the natural ggving technical potential in Xiamen'’s

residential buildings can be viewed as cost-effectiom a whole society perspective.
4.3 Amendment of energy-saving potential

As there is no any further household energy useesun Xiamen available after 2012, the
technical energy-saving potential analysis in gaper has to be based on the data of a 2012
survey. Along with the gradual ramping-up procefssfficient appliances into the household
appliances stock (i.e., purchased by consumer&étitions” and replacing “retirements” of
appliances), the average energy efficiency levieéppliances stock in Xiamen’s households in
the latest year (i.e., 2016) must be higher to sextent than those shown in Table S-1 in
Supplementary Information. This implies that we magrestimate the technical potential in

Xiamen households to some extent.

To address this issue, based on a projection adihguappliances stock in the city of Xiamen
from 2010 to 2020 and a Kastovich-type consumeicehmodel [44, 45], we calculate the
weighted average energy efficiency levels of tleelsof involved appliances in 2016. By
comparing the two sets of average efficiency lewélsppliances (i.e., 2011 and 2016), we are
able to attain the reduced energy savings whermgukayear of 2016 as the base year instead of

the previous base year of 2011 (see Table 10).

Based on the data in Table 10, we can calculatddha base year of 2016, the technical

potential of residential electricity savings in ity may be about 24.6% (in comparison with the
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calculated 29.9% for a base year of 2011). Theneséid technical potential of gas savings is
about 13.7% (in comparison with the 16.3% for eebgesar of 2011). Combining electricity and
gas together, the overall technical potential isutld9.4% for a base year of 2016 (in
comparison with the 23.5% for a base year of 20Iigrefore, using the 2011 survey data we
may roughly overestimate the technical potentiaksfdential energy savings in Xiamen city by

about 20%.

5. Concluding remarks

This paper explored the technical and economicggreaving potentials in Chinese urban
residential buildings, by using Xiamen city as aecatudy. Our study focuses primarily on the
part of household energy consumption that can bstantially influenced by households’ own
lifestyles or occupants’ behaviors, namely the asés of lighting, cooking, plug-in appliances,

water heating and space cooling.

A household energy use survey was conducted in &ma@nd it adopted a similar questionnaire
used by the U.S. EIA’s Residential Energy Consuomp8urvey (RECS). Based on the survey,
the household energy use pattern in the city waspeth It shows that cooking (42% of
household energy use) is the largest end-use iméfishouseholds, followed by plug-in
appliances (25.6%), space cooling (13.7%), watatihg (13.7%) and lighting (5%). As most
Xiamen households (over 80%) have already complembpted efficient lighting lamps such as
CFLs and LED lamps, there is a limited energy-sgyiatential left for domestic lighting in the

city.

The survey also revealed appropriate and signifitaohnical measures for achieving residential

energy savings in Xiamen. By implementing thesesuess, our analysis discovers that the
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technical energy-saving potential in Xiamen'’s resiial buildings is currently rather significant,
around 20%. Adopting efficient gas cook stoves,afsefficient refrigerators and retrofitting
buildings’ envelopes (particularly roofs and windvare the top three critical measures. They
together could account for approximate 80% of thistimg technical potential. These three
measures should, therefore, become the focus afjesaving policymaking by the
governments for this region (i.e., the “Hot Summed Warm Winter” region). This also implies
that any policy for energy savings in buildings memmbrace local conditions, and should not be
just simply transplanted from other countries @ioas that have quite different household

energy use patterns.

Of the technical potential, about two-thirds tortdiiths are cost-effective from a whole society
perspective. The cost-effectiveness is evaluatetbhyparing the Levelised Cost of Conserved
Energy (LCOCE) of advanced technical measuresablaiin the market with the actual social

cost of conserved energy. The actual social coshefgy in this paper is defined by adding the

carbon emission cost and the hidden governmentdab®ver the retail prices of energy.

It is worth noting that for the electricity-savingeasures, except for the only two cost-effective
measures (i.e., retrofitting roofs of buildings aubpting efficient refrigerators), the LCOCE of
all the other measures are about 3-13 times thmlaobst of electricity in Xiamen. This
indicates that most efficient household appliaresently available in the Chinese market are
financially unattractive to the households mainljirgy to the relatively low household
electricity price and the significant incrementaéts of such appliances. Therefore, giving the
current price and efficiency spectrum of main hiwde appliances in the Chinese market,

providing consumers a certain amount of subsidiepdirchasing efficient appliances could
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result in lower LCOCE of these appliances, and equsently facilitate the wider diffusion of

them in Chinese households.

Controlling and reducing energy consumption in @seresidential buildings is quite urgent as
China’s residential energy intensity is increasiagidly. The window-of-opportunity that
remains for taking serious efforts is very limitéé an example, the average household
electricity consumption intensity (HECI) in XiamenJ.S. counterparts (the areas with similar
climate of Xiamen) was about 94.3kWHyear [17, 46]. This number is about three times
Xiamen’s 2011 level. Given the current average ahimerease rate of HECI in Xiamen (about
6.5% from 2010 to 2015), if no strong policy intemtion is introduced, Xiamen’s HECI may
reach its U.S. counterparts’ level by 2030. If ggenario is allowed to be realized, the
residential building sector will contribute sigmdintly to the air pollutions and carbon emissions

in the nation, considering China’s heavy dependemceoal power generation in the long run.

In China’s 18 Five Year Plan (2016-2020), the Chinese centraégument has set a cap for
annual coal consumption of 5 billion tonne of ceqlivalent (TCE) [47]. To achieve this
overarching goal from the residential sector, tbeegnment plans to: 1) improve the energy
performance of new buildings by 20% from the 20kl by 2020; 2) retrofit 500 million

square meters of existing residential building2820; and 3) promote the share of energy-
saving buildings (i.e., the ones meeting buildinges) to total existing buildings from 40% in
2015 to 60% in 2020 [48]. All these tasks primafdgus on improving energy performance of
building envelopes, and this is very importantriorthern China as space heating there accounts

for around half of household final energy use.

However, in southern China, especially in the “Bammer and Warm Winter” region where

Xiamen locates, our analysis shows that about tuaeters of the technical energy-saving
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potential come from adopting efficient househol@lemces. Therefore, further tightening the
energy efficiency standards for key household apgks and promoting wide diffusion of
efficient models of appliances by effective finaléhcentives are essential for achieving

residential energy savings in this region.
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Table 1: A comparison of housing patter
statistics [30]

n in Xiamerbetween our survey and the XBS

Sources
Housing pattern
Our Survey XBS Statistics
Low or high rise apartments (%) 95.9 96.3
Attached or detached houses (%) 0.7 1.0
Others (e.g. simple self-built bungalow) (%) 34 2.7

Table 2: Discount rates for evaluating energy effiency improvement projects [32]

Perspectives Discount rates

Details

Individuals participants’ discount rate

uses cost of debt for an individual to finance aergy
efficiency investment

Business firms cost of capital)

firms’ WACC (weighted average| depending on the firm’s credit worthiness and debt-

equity structure

Whole society social discount rate

taking into account the reduced risk of an investime
that is spread across society
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Table 3: Typical lifetime of household applianceand building envelopes in China [35-36]

Appliances or measures Typical lifetime

Room air conditioners 8-10 years

Refrigerators 12-16 years

TVs 8-10 years
Rice cookers 10 years
Washing machines 8 years
Electric water heaters 8 years
Gas water Heaters 8 years
Gas cook stoves 8 years

Table 4: Selected significant energy-saving measwwéor Xiamen households

End-uses Selected technical measures

Retrofitting building envelopes to reduce spacdingdoad
Space cooling

Adopting efficient room air conditioners

Adopting efficient refrigerators

Adopting efficient TVs
Plug-in appliances

Adopting efficient rice cookers

Adopting efficient washing machines

Adopting efficient electric water heaters
Water heating

Adopting efficient gas water heaters

Cooking Adopting efficient gas cook stoves
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Table 5: Technical potential of electricity savingsn Xiamen households

Electricity savings Baseline energy consumption
Measures
(MJ/m?.year) (MJ/m?2.year)
Building envelope retrofitting!® 11.63
28.5
Tier-1 room air conditioners 3.00"
Eff|C|e_ncy-adva[rCI]ced 1213 17.8
refrigerators
Tier-1 rice cookers 0.51 8.5
Tier-1 TVs 4.97 8.2
Tier-1 washing machines 1.01 2.8
Tier-1 electric water heaters 0.73 215
Total 33.98 n/a

Note: [a] the envelope retrofitting includes roagulation and adoption of high-performance windows;
[b] energy savings from room air conditioners dterabuilding envelope retrofits; [c] efficiency-
advanced refrigerators mean the ones consumingiefigcabout 0.38 kWh/day.

Table 6: Replacement effects of appliance types dne technical potential of residential
electricity savings in Xiamen

. Electricity consumption intensities
Replacement scenarios 2
. (MJ/m*-year)
Appliances
Scenario-| Scenario-ll Scenario-| Scenario-Il  Chemg
i Tier-1 FSAC + Tier-1 Only Tier-1
o e e 14.2 11.4 2.8
condition VSAC VSAC
. . Tier-1 Top-loading + Only Tier-1
. . +4.
Washing machines Tier-1 Front-loading Front-loading 1.7 57 4.0

Note: [a] the calculation of electricity consumytiis after building envelope retrofits.
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Table 7: Technical potential of natural gas savings Xiamen households

Thermal efficiency (%) 2011 Baseline Gas savings
Measures , ,
current average advanced (MJ/m*-year) (MJ/m*-year)
Tier-1 gas water heaters 88% 96% 3.5 0.26
Tier-1 built-in type gas 51.5% 63.0% 51.8 9.46
cook stoves
Tier-1 desktop type gas 56.5% 66% 35.6 5.12
cook stoves
Total 90.9 14.84
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Table 8: LCOCE of selected energy-saving measuresrfXiamen’s residential buildings

Calculated LCOCE by discount rates (DR)
) (Yuan/kWh for electricity measures and
Technical Yuan/n? for natural gas measures)
measures Details of technical measures
(TM) DR=8%
DR=6% DR=10%
(reference case)
T™-1 Retrofitting building roofs 0.7524 0.8790 1.0137
T™-2 Retrofitting windows 2.9313 3.4245 3.9492
TM-1+2 Retrofitting both roofs and windows 2.4614 2.8755 3.3161
Adopting Tier-2 FSAC
T™-3 5.9997 6.5326 7.0860
(before implementing TM-1+2)
Adopting Tier-1 FSAC
T™-4 15.3613 16.7255 18.1424
(before implementing TM-1+2)
Adopting Tier-3 VSAC
T™M-5 4.1814 4.5527 4.9384
(before implementing TM-1+2)
Adopting Tier-2 VSAC
TM-6 4.7411 5.1622 5.5995
(before implementing TM-1+2)
Adopting Tier-1 VSAC
T™-7 7.1005 7.7311 8.3860
(before implementing TM-1+2)
Adopting Tier-2 FSAC
TM-1+2+3 10.1347 11.0348 11.9695
(after implementing TM-1+2)
Adopting Tier-1 FSAC
TM-1+2+4 25.9481 28.2526 30.6460
(after implementing TM-1+2)
Adopting Tier-3 VSAC
TM-1+2+5 7.0631 7.6904 8.3419
(after implementing TM-1+2)
Adopting Tier-2 VSAC
TM-1+2+6 8.0087 8.7199 9.4586
(after implementing TM-1+2)
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Adopting Tier-1 VSAC

TM-1+2+7 11.9941 13.0593 14.1656
(after implementing TM-1+2)
T™-8 Adopting efficiency-advanced refrigeratts |  0.7516 0.8474 0.9484
Adopting Tier-1 front-loading type
T™-9 4.5569 4.9241 5.3041
washing machines
Adopting Tier-1 top-loading type
TM-10 55.4524 59.9216 64.5459
washing machines
TM-11 Adopting Tier-1 gas water heaters 14.2674 15.4173 6.6Qr1
Adopting Tier-1 built-in type
T™M-12 2.6623 2.8769 3.0989
gas cook stoves
Adopting Tier-1 desktop type
TM-13 0.7568 0.8178 0.8809

gas cook stoves

Note: [a] efficient-advanced refrigerators meandhes consuming electricity about 0.38 kWh/day.
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Table 9: Economic potential of energy savings in dmen'’s residential buildings

Technical measures

Energy savings

( MJ/m?.year)

Baseline energy consumption

(MJ/m?.year)

Tier-1 TVs 4.97 8.2

Tier-1 rice cookers 0.51 8.5
Tier-1 electric water heaters 0.73 21.5
Retrofitting building roofs 2.51% 28.5
Efﬁrjfergzzg‘:sa[ﬂ]ced 12.13 17.8
Tier-1 gas cook stoves 14.58 (13.18) 87.4
Total 35.43 (33.98)) n/a

Note: [a] energy consumption reduction from roonmcanditioners; [b] efficient-advanced refrigerator
mean the ones consuming electricity about 0.38 kKih/[c] the values in the brackets are calculated
considering the “replacement effect” of desktopetgas cook stoves by built-in type ones.
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Table 10: Amendment of technical energy-saving potgial in Xiamen households for the

base year of 2016

Energy savings from pifgeunizze E§timated energy
savings from the base

Appliances the base year of 2011 | \when using year of 2016

(MJim*yean Zl?aiLseei/Se;hre (MJ/m2.year)
Tier-1 room air conditioners 3.00 14.8% 2.56
Efficiency-advanced refrigeratord® 12.13 31.4% 8.32
Tier-1 rice cookers 0.51 10.0% 0.46
Tier-1 TVs 4.97 26.5% 3.65
Tier-1 washing machines 1.10 20.8% 0.87
Tier-1 electric water heaters 0.73 37.5% 0.46
Tier-1 gas water heaters 0.26 31.3% 0.18
Tier-1 built-in type gas cook stoves 9.46 19.0% 7.66
Tier-1 desktop type gas cook stoveq 5.12 9.9% 4.61

Note: [a] efficient-advanced refrigerators meandhes consuming electricity about 0.38 kWh/day.
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Figure 1: Trendsof energy intensities of industrial and residential sectorsin China[1,3,4,5]
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Figure 2: Distribution of our survey samplesin key household features
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Figure 3: Distribution of the technical potential of residential energy savingsin Xiamen



Highlights

A household energy use survey was conducted in acity of China.

The survey adopts a similar questionnaire usetéyitS. EIA’'s RECS.

Large technical and economic energy saving potisregidst in Chinese households.

Levelised cost of conserved energy (LCOCE) was fmegconomic potential analysis.



