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Abstract

Clean development mechanism (CDM) project developersleaya interested in achieving required measurement aciesa
with the least metering cost. In this paper, a metering casinnisation model is proposed for the sampling plan of a Bge€DM
energy diciency lighting project. The problem arises from the partac CDM sampling requirement of 90% confidence and 10%
precision for the small-scale CDM energiieiency projects, which is known as the/20 criterion. The 90 criterion can be met
through solving the metering cost minimisation probleni.t¢ lights in the project are classified intdigrent groups according to
uncertainties of the lighting energy consumption, whiah @raracterised by their statistical éibeent of variance (CV). Samples
from each group are randomly selected to install power raefBnese meters include less expensive ones with less duadty
and more expensive ones with greater functionality. Theerimgy cost minimisation model will minimise the total mesey cost
through the determination of the optimal sample size at gamiip. The 9010 criterion is formulated as constraints to the metering
cost objective. The optimal solution to the minimisatioldem will therefore minimise the metering cost whilst niegtthe
90/10 criterion, and this is verified by a case study. Relatiggsshetween the optimal metering cost and the populati@ssif the
groups, CV values and the meter equipment cost are furtiored in three simulations. The metering cost minimisatitodel
proposed for lighting systems is applicable to other CDMgxts as well.
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Nomenclature Mi the cost of individual metering system over the
crediting periodM; = g + b + kg

E the weighted average daily energy consumptionN the lighting population
X the sample mean in theth group O the average daily utilisation hours of devices in
Ao the search starting point to solve the optimisa- thei-thgroup . .

tion model p the required relative precision for the project
i the true mean value in theth group Pi the power of devices in theth group
i the true standard deviation in theh group, Pi the precision level in theth group

oi = XCV; z the abscissas of the normal distribution curve
a the individual meter device cost in th¢h group that cut df an area at the tails to give desired
b the installation cost per meter in th¢h group confidence level
G the monthly maintenance cost per meter in the? thezvalue in thei-th group

i-th group A ampere
CV. the estimated cd&cient of variance in theth ~ AC alternating current

group AMS approved methodology for small-scale
Eg the daily energy consumption baseline (in kwh) ASHRAE Americqn_ sqciety o_f heating, refrigerating and
Ei the daily energy consumption per lamp in the air-conditioning engineers

i-th group CDM clean development mechanism
i the counter of the subgroups of a project CER certified emission reduction
k the number of months during the monitoring pe- CFL compact florescent lamp

riod Cv codficient of variance

GHG greenhouse gas
HDL halogen downlighter
U A preliminary version of this paper was presented in thertitional Con-  ICL incandescent lamp

ference on Applied Energy, July 5-8, 2012, Suzhou, China. IPMVP international performance measurement and
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kB kilobyte error margin of the final estimate and confidence is the Hkel

kwWh kilowatt-hour hood that the sampling resulted in an estimate within a icerta

mA milliampere range of the true values.

MB megabyte The purpose of this paper is to maximise the profits of project

R the South African currency Rand developers by minimising metering cost while at the same tim

S second meet the 900 criterion. An obvious observation is that the

SSC small-scale metering cost is lower whenever less number of samples is me-

SSD sample size determination tered. For this reason, manyfigirent kinds of SSD method-

TWh terawatt-hour ologies have been proposed in literature. These SSD method-

UNFCCC united nations framework convention on cli- ologies can be classified into two broad groups, the fredstent
mate change methods and the Bayesian methods [14]. The frequentistmeth

usD the United States dollar ods have been applied to determine sample size for the evalua

\% voltage tion of the reliability performance of the United States f[d&]

w watt and the control of both size and power in clinic trials [16¢r F

the Bayesian methods, [17] summaries the theory and peactic
of Bayesian statistics while [18] describes a Bayesian@ggr
in choosing the sample size by optimising utility functions
CDM projects are designed to assist the reduction of GHG All the aforementioned SSD methodologies are mainly de-
emissions in developing countries by allowing them to earr_F'ded by the required confidence aqd precision _Ievel. Accord
CER credits which can be traded and used by developed coulld t© [19], the SSD for the CDM projects is also influenced by
tries [1]. In order to mitigate the climate change and avoigdifferent choices of the sampling approaches such as the simple
global warming, dferent types of CDM energyfleciency ra_ndom sampling, s’gratn‘led randt_)m sampling, systemafit sa
projects are registered under the UNFCCC, such as the ener@}jn9. cluster sampling and multi-stage sampling, etc. efias
efficiency lighting, heat pump and chiller projects [2]. Notatth N the available information on the UNFCCC's webjitaore
lighting consumes more than 2 000 TWh of electricity glopall than 20 energyféciency lighting projects have been registered
which corresponds to about 1 800 million metric tons of GHGUNder SSC CDM projects. All these registered CDM lighting
emission per year [3]. Therefore, lighting harbors a great p Projects refer to the sampling guidelines [12] and [13] teige
tential for energy savings and GHG emission reductions. Acthe monitoring and sampling plans. However, these projects
cording to [4], the energyféciency lighting projects can be Usually apply the simple random sampling approach to deter-
implemented by either reducing input wattages or redudiegt M€ the sample sizes since the entlre_llghtmg populatgon i
utilisation hours of the lights, and these measures arelyide @SSUmed to be homogeneous and each lights has the same prob-
taken in residential, commercial and industrial sectocsiad ~ aPility of being selected ([20] and [21]). _
the world ([5], [6] and [7]). _In this paper, t_he metenng co_st minimisation under the situ
It is important to quantify CER credits with the expected ac-ation where the lighting population under study are not homo
curacy in a cost4éective way so that the profits of CDM project 9eneous has been considered. The total population, i.engal
developers can be maximised. As presented in both [8] and [9}ights n the project, is d|\_/|ded Into ﬁergnt groups according
the deemed savings methodology is adopted in order to alld0 their energy consumption uncertainties. Thereforestra-
viate the metering cost and monitoring needs. However, alstied random sampling approach is applied given that the-char
as indicated in [8], the deemed savings methodology gesmrat aCteristics of the population elemgnts are more S|m|Ia_h_|W|t
less CERs due to very conservative assumptions on the key pafoups than across groups [19]. With the selected stratiéied
rameters to determine the baseline and project energy ogmsu d0m sampling approach, the idea to reduce the overall meter-
tion. Apparently, the CERs generated by the deemed savinddd cost whist maintaining the @10 criterion is explained as
methodology are only conservative but not accurate. Accordiollows. The sampling guidelines [12] and [13] require that
ing to the CDM general guidelines [10] and the AMS CDM the sampling target for the project population must satisy
projects, AMS-II.C. [11], the CER credits are calculated by90/10 criterion. However, it does not mean that the accuracy
the corresponding energy consumption reduction multighe ~ criterion for each lighting group must achieve/90. Itis pos-
emission factors. The baseline and project energy consampt Sible to let the group with lower uncertainty to have a very
need to be quantified by the monitored and sampled key parar@©0d confidengrecision such as 95, and let the group with
eters based on the sampling methodologies [12] and [13]. Thigher uncertainty to have a relative poor confid¢pmcision:
sampling methodologies [12] and [13] are further required t such as 845, SO that the overall project populatlon sat!sfleg
satisfy 90% confidence and 10% precision—the so-callgt@o the 9010 requirement. The proposed metering cost minimi-
criteriont for the SSC energyficiency CDM projects. For the sation model follows the above idea to determine the optimal

minimised while the overall 9Q0 criterion is still maintained.

1. Introduction

1Following the notation of the 900 criterion, x/y denotesx% confidence
andy% precision in this study. 2http;/cdm.unfccc.inmethodologiegndex.html




This model can be easily applied to various lighting prgject Table 2: Summary of the cost analysis

with more tha_n two uncertamty groups. ) Total number of CFLstobeinstalled 404 296 Units

The paper is organised as follows. In Section 2, background ~Costs
information of the CDM lighting project is provided with até&b Average price of CFL 27 Rand per unit
project cost analysis. The lighting baseline methodolbigfyt- CFL distribution 5 Rand per unit
. P o . . Subtotal 12.94  Million Rand
ing classification, the monitoring and sampling plan foisthi HDL ICL CEL collection
project are then discussed. Subsequently, a brief unaogrtai transportation, and disposal 1.03  Million Rand

analysis is given and some essential assumptions are made in CDM process cost
order to build the metering cost minimisation model. In Sec- ggﬁ:(mté”ghﬁgﬁ?coaﬂion - L7 Milion Rand
tion 3, the solutions to the optimisation problem are predid Total project cost : 1560 Villon Rand
and analysed. Section 4 provides some further investigatd
the metering cost optimisation model. The conclusion comes
the last section. energy @iciency activities for specific technologies such as
installing new energyféciency lamps, ballasts, refrigerators,
motors, fans, etc. There are several other approved CDNt ligh
ing methodologies that are available on the UNFCCC'’s web-
2.1. Backgrounds of the CDM lighting project site, such as: AM0046 [22], AMS-II.J. [23], AMS-II.N. [24],

A lighting retrofit project that aims to reduce the lightimgtl 8- The AM0046 is the first end-use enerdiyaency method-
in 44 government hospitals in South Africa is in the procdss o°l0gy for distribution of CFLs to households. However, this
being registered as a CDM energgigiency lighting project. gw_dellne f(_)cuses on large ;cale CDM projects and the moni-
In order to accelerate the registration process, the projec  (ring requirement of the project are very cumbersome [&p T
velopers decide to register the project as a SSC CDM projecfMS-I1.J. is actually a deemed savings methodology that has
Approximately 404 296 CFLs will be installed to replace less'€laxed the heavy monitoring requirements of AM0046. How-
energy dicient HDLs and ICLs that are currently in use. The €Ver. the AMS-I1.J. generates significantly less CERs than t
14 W and 20 W CFLs will be installed in exchange of equa|other methqdolqgles_due to a very conservative gssumpnon o]
number of normal luminous flux 60 W ICLs and 100 W HDLs, @verage daily utilisation of CFLs. The AMS-II.N. is newly-ap
respectively. Motion sensors are currently in use for the 10 Proved in March 2012 and itfters guidance to the demand-side
W HDL lighting systems. The CFLs will be directly installed €nergy iciency projects for the installation of energieient
to replace the HDLs without any modification on the existing!'9hts andor controls in building. Up to December 2012, this
lighting control systems. The exchanged HDLs and ICLs will9uideline has not been used in any registered CDM enefgy e
be stored and destroyed, corresponding counting and agishi €ient lighting projects. . o o
certificate of the disposed lamps will be issued by a disposal According to the AMS-II.C., if the lighting population is
company. The CFLs with a rated lifetime of 10 000 hours, man¢lassified intak groups, then the baseline energy for the light
ufactured by Philips, have the equivalent or higher lumehéo g System is calculated by eq. (1)
replaced HDLs and the ICLs. An energy audit is conducted to

2. Formulation of the metering cost minimisation model

K
gather all relevant information of this project to help witre En — N P - O 1
project design. Detailed information of this project igdis in ® ;( - Pi- Q). )
Table 1.

As discussed in the AMS-II.CB; andO; may be determined
separately or in combination, i.e., as energy consumption.

Table 1. Details of the lighting project this study,P; andO; are considered in combination in order to

Technology  Wattage Operating Schedule  Quantity . . . .
CLSCEL 60Wo 1AW 8:00-16:00 263519 simplify the uncertainty analysis of the measurement. &her
HDL— CFL 100 W— 20 W  Motion sensor control 140 777 fore, eq. (1) could be simplified into
K
The project participants conduct a cost analysis for the dis =
project particip y Eg = Z(Ni -Ej) = NE, 2)

cussion of investment barrier. The average price of CFLd use
in this project is R 27 per CF, other financial details associ-
ated with this project can be found in Table 2. where

i=1

E = ZiKzl(Ni - Ei)
2.2. Lighting baseline methodology B SN

The AMS-II.C. [11] is adopted to develop the energy bases . o
line for this project. The AMS-II.C. fiers indicative simplified When the energy consumption baselisg multiplied by the

baseli q itori thodoloaies for the d q _dnumber of days during the monitoring period and the relevant
aseline and monitoring methodologies for the demand-siigission factor, the baseline emission of the involvedtdigh

ing systems can be obtained. Energy consumption at the post-
3The annual average USD to Rand exchange rate in 2012 is 1=Usp Implementation stage can also be determined by eq. (2) when
8.209. apply the monitored daily energy consumption of the CFLs.




2.3. Lighting classification and stratified random sampling

b . . Table 3: Metering devi ificati
The stratified random sampling approach is adopted for the o6 = Yeerhd Cevice specrieations

Categories M1 Mo

sampling target since this sampling methodology is most ap- Voltage range (AC)  150-270 V 100-380 V
plicable when there are obvious grouping of population ele- Current range 50 mA-50 A 10 mA-100 A
ments whose characteristics are more similar within sulqgso Accuracy +0.01% +0.002%
h bgroups [19]. For the government hospitat|i Time resolition 30e 0-5°

t[ an aCIrOSS subg ) p : g. p ) g Memory capacity 32 kB 8 MB

ing project, the daily energy consumption patterns of tgkti

ing population are not homogeneous. Therefore, the indolve

HDL and ICL lamps are naturally classified into two subgraups Table 4: Metering equipment cost (per unit)
Group | is the 263 519 ICLs which have low uncertainties of ,\Cﬂaeltee%c’gﬁhase Costof M Cost of Mp
dai]y energy c.onsumption., a}nd Group Il i_s the 140 777 HDLs (once-df) R 876 R 3146
which have high uncertainties of the daily energy consump- Meter installation

tion. The uncertainties in the two groups are charactefised (once-dt) R 195 R 320

Meter maintenance

CV, which is defined as the standard deviation of the metering (monthly) R 45 R 98

records divided by the mean. CV values are between 0 and 1.
If CV value is close to 0, then it indicates that the uncettain
of measurement is small. Otherwise, if CV is close to 1, theni  The overall 9910 criterion for this project can be maintained
means the monitored parameter of a sample group has large usy letting Group | have a very high confiderigescision while
certainty. According to the sampling technology [25], alfEg  |etting Group Il have a relatively low confiderpeecision.
CV indicates more sample sizes are required to achievédlelia This results in a greater number of less expensive meteng bei
sampling results. installed in Group I, and a smaller number of expensive rseter
The estimated CV values for the aforementioned lightingbeing installed in group Il in order to minimise the metering
project can be obtained as follows. During the on site energgost.
audit, the daily utilisation hours for a small sample of theps
with no control devices are recorded. The sampled lamps ar2.4. Monitoring and sampling plan
burning 8 hours on average with a standard deviation of 1.5. Ag mentioned in the introduction, more than 20 enerfliy e
The rated power of an ICL lamp is 60 W in Group |. Therefore, gjency jighting projects have been registered under SSC CDM
the estimated mean value of baseline daily energy consampti projects. For these projects, simple random sampling @spro
per lamp in Group | is 0.48 kWh with the standard deviation;g adopted and sample sizes are generally decided by pro-
0f 0.09. By the definition of CV, the CV value of Group | is fessjonal judgements or the experience from previous CDM
around 0.18. To be conservative, CV of Group | is taken agyrgjects, For instance, 200 meters are randomly instatied t
0.20. In Group I, the rated power of an HDL lamp is 100 W. monitor the lighting population for the Visakhapatnam (a)d
Although the lighting operating schedule is unknown, itldou  osrAM CFL distribution CDM project [20]. These registered
be assumed that on average the lamps in Group Il are burning@py lighting projects do not seem to have considered the opti
hours per day with a low confidence by the energy audit. In thigyisation of the monitoring and sampling plan by taking advan
case, a CV value as high as 0.5 is historically recommended By ge of lighting classification. In this study, an optimalmio
[26] for the lamps in Group II. Thus, the estimated daily @yer (4ring and sampling plan is designed as follows.
consumption of Group Il is 0.6 kWh with a standard deviation
of 0.3. 1) The crediting period of this project is designed to be 10
Since the energy consumption in Group Il changes more fre-  years. The first monitoring report will be compiled 1 year
quently than that in Group |, the metering devices to be in-  after the implementation of this project, while other moni-
stalled in Group Il must have a very high sampling frequency  toring reports will be compiled in a fixed interval of every
based on Shannon’ sampling theorem [27]. In addition, the me 3 years.
ters to be installed in Group Il need to have advanced control ) o _ _
chips with high clock frequency and large memory capacity fo 2) Meters will be randomly distributed and installed during

the data storage. The metering device specifications ofitbe t baseline period to measure the daily energy consumption
recommended meterdg andMy) are provided in Table 3. The of each sampled lamp in both Group | and Group |l for 3
specifications indicate that tié, meters are capable of captur- calendar months. The sample sizes are decided by the pro-
ing the uncertainties in Group |. However, thg meters are posed metering cost minimisation model. Each sampled
not applicable for the measurement of Group II. lamp is monitored by one meter.

Group | will be installed with less expensive meters to checlg,’) Once decided in the baseline period, the same sample sizes
its energy consumption variations, and Group Il will be in- are applied at the post-implementation stage. The daily
stalled with expensive meters to monitor its real time eperg energy consumption of the sampled CFLs will be continu-
consumption. According to [28], the key components of the ously measured during the crediting period.
metering cost include meter purchasing cost, installatiost
and maintenance cost. The costsMf and M, are listed in  4) Meters with diferent functionalities and prices will be ap-
Table 4 as given by the meter company. plied in different lighting groups. The metering equipment



will be installed by a meter company. Calibration and

1600

maintenance of the metering systems will be performed —om0| T,
regularly. ool 7 7 50m0 Kk
—e— 80/10 v
1200 || =—©— 95/10 .
2.5. Uncertainty analysis and modelling assumptions /'
According to the ASHRAE guideline 14 [29] and IPMVP & ™| R
2012 [30], the uncertainties can be classified into 3 categor %:; 8001 '/
the measurement uncertainty, modeling uncertainty and sam & _ | '/
pling uncertainty. Measurement uncertainties usually €om Lot
from the inappropriate calibration of the measurement@qui ‘
ment, inexact measurement, or improper meter selectistalin
lation and operation. The modelling uncertainties arisemf

the improper mathematical function form, inclusion of tirelr 0 o1 o0z 03 04 05 06 07 08 09 1
evant variables or exclusion of relevant variables. Samyplin- cales
certainties are resulted from inappropriate sampling @ggres
or insuficient sample sizes. B

In this study, only two parametets$ andE are involved in
the lighting baseline model eq. ()L can be easily verified by
the counting and crushing certificate will be obtained by the
metering and samplinglert. As discussed in Subsection 2.3, more sample sizes are required to achieve a higher confidence
the accuracy specifications of both the metélisand M, are  level and a better precision level for a given CV value.
as high as 0.01% which are negligible when comparing to the
required 9010 criterion. Therefore, the sampling uncertainties
will be the major concern in the metering cost minimisation
modelling under the following assumptions.

Figure 1: Sample sizes versus CV values

The initial sample sizeg that calculated by eq. (4) needs to
be adjusted by the finite population correction factor [25]

C_MoN___CVE2N
T nop+ N CV22 4+ Np?’

1) Assume that no failure will happen to the metering system (5)
during the monitoring period since the meters are in good
maintenance. In addition, the inflation of the maintenance

cost will not be considered. For the 9010 criterion,z = 1.6450 for 90% confidence and

2) LetX;, i = 1,2 be the random variables that denote the baseP = 10% as the allowed margin of error in eq. (5). The objec-
line daily energy consumption data sets in Group | andiVe is to find the optimal solution of = (z;, 2, p1, p2) which
Group I, respectively. From the well-known central limit MNIMISES
theorem [31], it is assumed th&t and X, follow normal
distributions, that isXi ~ N (ui, o?). Then for anyn, sam-
ples in Group I, the sampling distribution of the mean sat-
isfies a normal distributioX; ~ NV (u1, o-f/nl) [32]. Simi-
larly, the sampling distribution of the mean for amysam-
ples from Group Il satisfieX, ~ N(uz, 05/1n2).

2
f(2) = > (& + by + ka) x ceil(n), (6)
i=1

where the ceil functiogeil(-) rounds a real number to the near-

3) Assume thaiX; and X, are independent. Then the sample €St integer which is greater than or equal to this real number
mean for the overall project, which is defined@grevi-  Ceil(n) denotes the required sample sizes inithie group and
ous will follow another normal distribution [32] n; can be calculated by eq. (5). For this projéct 123 includ-

ing the baseline monitoring period (3 months) and the dreglit

period (10 years, 120 months).

v3 vl 2 2 2 2
NiXg + NoX Nigs+ Nz 03 N2 o3 N . .
L N AT Zﬂz,n—ll~N—§ n—jN—i : ®) Note that Group | is expected to have better confi-

dencéprecision than Group I, thus the two linear constraints
71 > Z andp; < p, are obtained. The values nfat various
confidence levels are tabulated in many statistics booKs 33
can be calculated by th&transformation formula

2.6. Metering cost minimisation model
As provided in [25], the initial sample sizg at the sampling
plan stage can be calculated by

0 Z2C\V?
o = .
p2

Fig. 1 plots the sample sizes againdtefient CV values with
some popular confideng®ecision levels. Fig. 1 shows that

5

_ X=u
(4) Z_a/\/ﬁ’

(7)

and the constraints based on thg19Dcriterion are expressed



as follows:

Nyxq+NpXp — Nypg +Noup
N N

(f2 N. (Tz N
2 Zn

N (X 1) +Na (X2 —112)
2N2  2N2
INT_ ooN)
o ®)

210 ZH0
N11+N 292
L T2 m,

a2N2 . o2n2
no N
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1.645Q
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NaX1+NoXo—(Nastg +Naytp)
N1 X1 +N2Xo

7oy 209
_ N1M+N2 N (9)

N1 X1+N2Xo

10%

IA

In summary, the problem is to find = (z, 2, p1, p2) that
minimises the objective function

( CVEZN

2
f) = (a+b+k il —
() Z(a.+ +ka) x cei VEZ g

i=1

] . (10)

subject to the constraints

z>1.645Q
p<10%
7 2D,

p1 < p2.

3. Solution of the metering cost minimisation problem

the 9010 criterion is applied to Group | and Il, where =
(1.64501.64500.1,0.1). The corresponding sample sizes and
metering cost are calculated as shown in Table 6. It shows tha
the overall confidence and precision aref®Po6 and P4%, re-
spectively, at the total metering cost of R 1 128 206, which
occupies 7.19% of the total project cost. In this scenahe, t
expected sampling accuracy is higher than the requirgtioo0
criterion which is not necessary.

Table 6: Sample size and metering cost without optimisation

Parameters Group | Group 1 Overall
Confidence 90% 90% 976%
Precision 10% 10% .94%

Meter numbers 11 68 79

Number of samples 11 68 79

Total cost R72666 R1055360 R 1128026

Now consider the metering cost minimisation model given
in eq. (10) which is a nonlinear programming problem. For
simplicity, the MATLAB function “fmincon” is applied to find
the optimal solution of eq. (10). The optimisation settinds
the “fmincon” function are shown as follows: the interiooipt
algorithm is chosen as the optimisation algorithm; the term
nation tolerance on the function value, TolFun’, the temezi
tion tolerance on the constraint violation, ‘“TolCon’, aslivees
the termination tolerance on the design variables, Tob¢ all
set to 10'°; in addition, “fmincon” also calculates the Hessian
by a limited-memory, large-scale quasi-Newton approxiomat
where 20 past iterations are remembered. From a theoretical
perspective, the sample size should be integer for theisolut
Since this study focuses on practical issues of minimisireg t
metering cost, real-valued sample sizes are used durirupthe
misation. After the optimal solutiofh = (z, 2, p1, p2) is found,

Before solving the optimisation problem, the metering €St ¢ il function is applied to calculate the integer sansde.

achieve the 940 criterion without optimisation is calculated as

Besides these settings, a search starting pajnas well

a benchmark for comparison purposes. According to the ¥N€T%s the boundaries of the design variable are also required fo

audit and metering equipment cost in Table 4, the initialigal

to solve model eq. (10) are summarised in Table 5.

Table 5: Initial values

“fmincon” to work. Table 7 gives the optimal solution with
Ao = (0.21,0.86,0.85,0.26), lower boundb = (0,0,0,0) and
upper boundib = (+o0, 40,1, 1).

Parameters Group | Group 11

Meter unit price a,=R 876 a,=R 3 146 Table 7: Optimal results 1

Installation per meter b;=R 195 b,=R 320 Parameters Group | Group 1 Overall
Monthly maintenance c¢;=R 45 c=R 98 Confidence 989% 5784% 9025%
Monitored months k123 k=123 Precision 7% 1035% 985%

CV values CV1 =0.20 CV, = 0.50 Meter numbers 14 16 30
Estimatedx; X1 = 048 kWh X; = 0.60 kWh Number of samples 14 16 30
Population sizes N1=263 519 Np=140 777 Total cost R92484 R 248320 R 340804

For the government hospital lighting project, if the simple It is found that with the constraints of the A0 crite-
random sampling approach is applied to the entire lightmy-p  rion for the overall project, the obtained confidefmcecision
ulation, a worst possible CV value of 0.5 can be used for th€3.099.77 for Group | and 57.840.35 for Group Il contribute
sample size calculation by eq. (5), the obtained sample size® the overall 90.28.85 accuracy. With these optimai ( z,
is 68 with a metering cost of R 1 055 360 given that the ex-p;, p2), the optimal metering cost is R 340 804, occupies 2.17%
pensive meters should be used when CV is high. For this soaf the total project cost, which is largely reduced than thero
lution, the 9910 criterion is achieved without spending unnec-all metering cost without the optimisation as given in Table
essary money on metering. In this scenario, the metering co€omparing with the results in Table 6, the metering cost for
shares 6.76% of the total project cost. However, without conGroup | increases, however, the metering cost of Group Il re-
sidering optimisation, another possible solution mightlhmet  duces sharply. The overall metering cost is reduced wiiist t



90/10 criterion is satisfied. criterion constraints. Dierent valid combinations of optimal
confidencgprecision levels are obtained by applying #fet-
ent search starting poinlp. Some atrtificial initial values are

Table 8: Optimal results 2 . . .
p applied for the three simulations.

Parameters Group!l  Groupll  Overall ) . L .
Confidence 887%  7030% 9015% Results of the simulations are shown in Fig. 2 to Fig. 13.
Precision 71% 1343% 982% For the legends in Fig. 2, 3, 6, 7, 10, and 11, the confi-
Meter numbers 14 16 30 dencgprecision levels of Group | and Group Il are denoted by
Number of samples 14 16 30 he d d li . d d the dashed i in bl

Total cost RO2484 R248320 R 340804 the dotted line (in red) and the dashed line (in blue), respec

tively. The confidencprecision levels for the overall project

that are calculated by the real-valued sample sizes, agebn

Due to the nonlinear nature of the minimisation problem,theb th lid line (in areen while the overall proiect confi
optimal solutions may not be unique although the minimal ob- y the so e (in green) € the overall project contl-

jective function value is unique. Table 8 gives anotherropti d_enc¢precision levels calculated by th? intgger-valued sample

solution with the initial search poimly = (2.1,2.4,0.62,0.22). sizes are denoted by the dash-dotted line (in black).

Itis clear that although the confidence and precision ofile t

groups are dferent from the values in Table 7, the/20 crite-

rion is still achieved and the optimal sample sizes and the me In this simulation, letN; increase from 10 000 to

tering cost remain unchanged_ N]_ =1 000 000 by a Step of 10 000. Initial values for this simu-
According to the discussions and analysis in this secth, t lation are listed in Table 10. The corresponding optimalitss

metering costs with or without the optimisation are sumseati ~ are presented in Fig~2Fig. 5.

in Tabel 9. Note that the figures in the “Metering cost (%)™-col

4.1. Optimal metering cost versus population sizes

umn are calculation against the total project cost of 15.69 m Table 10 Initial values for the Simulation 1
lion Rand. Comparing to the metering plan without the optimi Parameters  Group | Group 11
ation, the metering cost savings of 0.71 million Rand, whsch Mi Mi=R5000  M,=R 50000

CVi Cvi1=02 C\, =05

4.52% of the total project cost, are achieved without saan % % = 056 KWh % = 0.36 KWh

the overall sampling accuracy.

In Fig. 2, the confidence levels of Group | are always higher
4. Model analysisand discussion than those of Group Il. The green solid line shows that the de-
sired 90% confidence of the overall project is satisfied. How-

The metering cost minimisation model in Section 3 is builtever, since the sample size calculated by eq. (5) may not be
for a particular CDM lighting retrofit project. When analggi  integers, the ceil function is applied to round the real galof
model eq. (10), it is found that three key components,CV, n; andn, to integers. The roundad andn, are used to calcu-
andN; will affect the overall metering cost for a given accuracylate the overall project confidence and metering cost. ItEan
requirement. Actually, for dierent CDM energy ficiency  observed that the confidence levels calculated by the ralinde
lighting projects, the population sizé4, the initial CV val-  ni andn, are greater than or equal to the project confidence
uesCV; and the individual metering system cddt may vary.  calculated by the real-valued andns.

In order to further analyse the metering cost reduction foeo In Fig. 3, as\; increases, the precision levels of both Group |
similar lighting energy fiiciency projects, it is worth investi- and Group llincrease. The precision levels of Group Il iase
gating how these variations will influence the optimal mieigr

cost.

In the following, three simulations are run to charactettise 1
impacts of the parametefg, CV; and M; to the optimal me-
tering cost for similar lighting energyfiéciency projects. For
each simulation, only one parameter will change. More pre-
cisely, N, is changed in the first simulation to investigate the
relationship between the population size and the optiméme
ing cost;CV; is changed in the second simulation to identify
the relationship between initial CV values and the optimea} m
tering cost;M; is changed in the third simulation to analyse B AN
the relationship between the individual metering systerst co
and the optimal metering cost. The optimal settings renfen t J - oo
same as the settings provided in Section 3. The search start- === Overall
ing point is1g = (0.21,0.86,0.85,0.26) for the three simula- - , é ";"Rc’mde‘jm
tions. As mentioned in Section 3, due to the nonlinear nature Population size of Group I x10°
of the minimisation problem, the optimal confidefprecision
levels are not unique since there exisffelient combinations Figure 2: Confidence levels whé¥p changes
of optimal confidencgrecision levels that satisfy the A0
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Table 9: Metering cost analysis

Solutions Accuracy Samples Meteringcost (R)  Metering cost (%)

No optimisation 1 900 68 R 1 055 360 6.76%
No optimisation 2 97.78.94 79 R 1128 026 7.19%
Optimal solution 1 90.29.85 30 R 340 804 2.17%
Optimal solution 2 90.19.82 30 R 340 804 2.17%

0.8

Group |
' = = = Group Il
0.7
' s Overall

0.6

0.5

Precision

0.4 % 1
[y
‘N
0.3 L3N
§~~
-
0.2 Seea 1
---------
-
0.1 T
. ;
0 2 4 . ’

Population size of Group Il

Figure 3: Precision levels whe\p changes

more quickly than those of Group | in order to balance the-over

all project precision within 10%. In addition, the projecepi-
sion levels that calculated by the real-valued sample sines

the integer-valued sample sizes are within the desired 1@% p

cision.

In Fig. 4 and Fig. 5, it is clear that both the sample sizes anﬁgi

the metering cost increase ldsincreases.

than 40% while the overall 900 criterion can still be main-
tained. However, akl, increases, the uncertainties of Group Il
increase rapidly becau&gV; is high. Therefore, the required
sample size of Group Il goes up quickly.

4.2. Optimal metering cost versus CV values

In this simulation, lelCV; increase from 0.005 t€V,=0.5
by a step of 0.005. Initial values for this simulation arédsin
Table 11. The optimal solutions are presented in FigEgy. 9.

Table 11: Initial values for the Simulation 2

Parameters  Group | Group I

Mi M;=R 5 000 M2=R 50 000
Xi x1 = 0.56 kWh  x; = 0.36 kWh
Ni N1 =1 000 000 N»=300 000

Fig. 6 shows that the confidence levels of both Group | and
Group Il decrease whe@V; increases. The confidence levels
of Group | are higher than Group II. The overall confidence as
shown in the solid line (in green) satisfies the 90% confidence
However, it is noted that the rounded overall confidencd isve
a little lower than the 90% confidence whéw; is between 0
and 0.1. The reason is that real-valued sample sizes avecallo
uring the optimisation in this study. The optimal solusdar
eal-valued sample sizes may sometimes become suboptimal
when ceil function is applied to these optimal solutionsthe

According to the results shown in Fig. 2 to Fig. 5, the influ- o st case, the real-valued sample sizes satisfy the 90 con
ence of Group Il to the overall accuracy is small whenis

small. WhenN, <10 000, only one meter is needed. The confi-fnction do not satisfy the 90% confidence as shown in Fig. 6.
dence for Group Il is less than 50% and the precision is poorgy, this case, it is suggested to increase necessary sargple si

Sample size

Group |
- - = = = Group Il

0 2 4 6 8
Population size of Group I

Figure 4: Number of meters wheMp changes

x 10

5

dence while the integer-valued sample sizes obtained hyeihe

Metering cost (R)

Population size of Group Il 5

Figure 5: Metering cost wheN, changes
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Figure 6: Confidence levels wh&; changes

to achieve the desired accuracy. To illustrate, considelativ-

est confidence level 887% of the rounded overall confidence
as shown by the first point in the dash-dotted line (in blaok) i
Fig. 6. Detailed information for this point is listed in Tabl2.
From Table 12 it is clear that the confidence level in Group | is

Table 12: Solution analysis

Parameters Group|  Group Il Overall
Confidence 999% 8129% 8688%
Precision 244% 4920% 865%
Meter numbers 1 2 3

Total cost R 5000 R 100000 R 105000

very close to 100%. Calculation shows that even the confielenc
levelin Group | increases to 3%, the overall confidence can
only achieve 886%. Therefore, the only solution is to increase
meters in Group Il. When 3 meters are installed in Group #, th
rounded overall confidence becomesd®3 which meets the
90% confidence requirement. Since the installation of only 2
meters in Group Il will never meet the A® criterion, while
the installation of 3 meters in Group Il will meet the/20 cri-
terion, this solution must be optimal.

In Fig. 7, it is noted that a€V; increases, the precision of
Group | becomes worse but remains within 10%. The precision
of Group Il improves but the precision is always worse than
that of Group |. The overall precision maintains within tfg&4d
margin of error.

In Fig. 8, the sample size of Group | keeps increasing as
CV; goes up. It means that when CV increases, more samples
are needed to maintain the/20 criterion. The sample size of
Group Il also increases, but not as quick as Group |.

Fig. 9 shows the overall metering cost keeps going up since
the sample sizes of both Group | and Group Il increase.

The results provided in Fig. 6 to Fig. 9 show that, when
CV; < 0.1, less than 10 samples can maintain the confidence
of Group | over 90% and the precision within 10%. However,
asCV; becomes greater, the uncertainties of this group increase
rapidly since the population size of Group | is dominant. rEhe
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fore the sample size of Group | increases more quickly. o4

«  Groupl
= = = Group Il
) i . L. 0.35f s Overall
4.3. Optimal metering cost versus individual meter cost R N L L1 Rounded
0.3 ,|‘ B
In this simulation, assume that the individual meter ddst '
increases from 500 th,=50 000 by a step of 500. The initial - AN il
values for this simulation are listed in Table 13. The optima g .l Sl |
solutions are presented in Fig.~Big. 13. L
0.15[ 4
Table 13: Initial values for the Simulation 3 0.1 o gaTe e TETE TR TN TR T T
Parameters  Group | Group I R
CV; CVi =02 CV, =05 005 ‘ ‘ ‘ ‘
X %1 = 0.56 kWh  x; = 0.36 kWh o 1 2 3 4 5
Ni Nl —1 000 000 N2:300 000 Individual meter cost of Group | x10°

. . . Figure 11: Precision levels whevi; changes
In Fig. 10, asM; increases, the confidence levels of both

Group | and Group Il go down slowly. The confidence levels of
Group | are higher than those of Group Il. Both the projectcon
fidence levels that calculated by the real-valued sampkssiz 4.4. Remarks on the simulations
and the integer-valued sample sizes satisfy the desired 90%
confidence.

In Fig. 11, it is clear that the precision levels of Group Il
increase continually alsl; goes up. However, the precision of

Group | becomes worse since less meters are installed imeLﬂeducing the metering cost. For instance, instead of usiag t

! when. M Increases. . worst case of 0.5 as the CV value, the project participants ma

In Fig. 12, the sample size of Group | decreases but the sanyg \yjjling to install a few less expensive meters to monibar t
ple size of Group Il increases & goes up. lighting daily energy consumption for a short period. Inttha

Fig. 13 clearly shows that the general trend of the meteringcenario, it is more likely to obtain an estimated lightireilyl
cost is going up whe; increases. Sometimes, the meteringenergy consumption with a smaller CV value. A small CV
cost decreases a little because the sample size of Group | dgreans that less sample sizes are needed to achieve thesgccura
creases while the sample size of Group Il does not change.  requirements.

Based on the results shown in Fig. 10 to Fig. 13, wiven In addition, the simulation results can also be taken as an ex
is small, more samples are drawn from Group | to achieve botample of simplifying the metering cost minimisation method
high confidence and precision. However,Mgincreases, the ology. In order to further simplify this methodology, it isg-
sample size of Group | tends to decrease in order to achieve thyested to pre-calculate and tabulate optimal meteringarust

The three simulations indicate that the proposed metering
cost minimisation model is also applicable to reduce the me-
tering cost for other similar energyfeiency lighting projects.
The simulation results also reveal the possibilities oftfer

minimal metering cost of the project. samples for similar energyfficiency lighting projects with dif-
1 45
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Figure 13: Metering cost wheMl; changes [12]
[13]
[14]

(15]

ferent population sizes, CV values or metering device costs

5. Conclusion [16]

In this study, a metering cost minimisation model is projose [17]
to assist the sampling plan of the CDM enerdyogency light-
ing project. The minimal metering cost is achieved by opgimi
ing the confidence and precision of each lighting group undeyg,
the constraint of the 900 criterion for the overall project. In
order to further analyse the metering cost reductions foerot
similar lighting energy fficiency projects, three simulations are
conducted to investigate the relationships between thenapt
metering cost and the population sizes of the groups, CV valR1]
ues and the individual meter equipment cost. The simulation
results indicate that the proposed metering cost miniioisat 2]
model can be applied to fiérent CDM projects with dierent
characteristics. In addition, the proposed model is algdi-ap
cable to minimise the metering cost for project with morentha 23]
two lighting groups. Moreover, this model can also be apblie

(18]

[20]

to projects with accuracy requirements other than th@®0ri-  [24]
terion.
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