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Abstract— This paper presented a study of biogas production potential from animal manure in the Lao People 
Democratic Republic (Lao PDR). The data from four kinds of animal such as cow, buffalo, pig and chicken were 
surveyed and calculated in order to know the potential of biogas production. The feasibility study of biogas production 
from pig farm in a case study was also done in order to know the investment cost as the net present value (NPV), the 
internal rate of return (IRR), the payback period (PB) and the benefit cost ratio (B/C). From a study, it was found that 
the Lao P.D.R had 31,747,297 of all animals and the potential for biogas production was 807 million m3/year, which 
can produce the electricity of 1,163 million kWh/year. The highest potential for biogas production are in Salavanh, 
Savannakhet and Champasak provinces, which had the potential to produce 162.96, 123.51, and 70.72 million m3/year 
of biogas, respectively. In addition, from the feasibility study in a case study with 520 pigs, it was revealed that biogas 
production from pig manure was a high feasible project, which can produce biogas of 175.3 m3/day or 245 kWh/day of 
electricity. The project cost is amount 174.70 million kip of investment for biogas production system. From the 
economic analysis of this study, it was found that the NPV was 144.77 million kip, the IRR was 22.96%, PB was 4.1 
years and the B/C was 1.82. This project is suitable for investment and it can be a data base for set up the policy to 
promote the biogas production in the Lao PDR. 
 
Keywords— Energy potential, biogas, animal manure, feasibility study. 
 

1.     INTRODUCTION 

The Lao People's Democratic Republic (Lao P.D.R) has 
total population of 6.5 million people in year 2010, and 
the most of population about 80 percent were agriculture, 
especially rice farmer and rancher. Since the Lao P.D.R 
opened the country in 1986, it made the Lao P.D.R 
economic continuously grows up to now, and caused of 
energy consumption increasing. Although the Lao P.D.R 
is a country that can produce the power electricity from 
several large dams and sell the electricity to neighbor 
countries, there is a lack of domestic electrical energy at 
some time. Besides, the Lao government has the policy 
to increase an electrification rate up to 90 percent by 
2020 [1], and has the policy to promote the use of 
renewable energy. However, the Lao P.D.R has 
insufficient information on the production of electricity 
from renewable energy sources, particularly the 
production of biogas from animal manure.  

The objective of this work is to study an energy 
potential of biogas production from manure in the Lao 
People Democratic Republic (Lao P.D.R). The datum of 
four kinds of animals, consisting of cow, buffalo, pig and 
chicken were collected and investigated. Then, the 
biogas production potential will be calculated from 
animal manure. The case study of biogas production in 
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pig farm will be studied to know the economic feasibility 
of biogas production project in Lao PDR. 

Therefore, researchers are interested in study the 
potential of biogas production from animal manure to 
obtain the information and helpful guidelines for further 
alternative energy development in Lao PDR 

2. RESEARCH METHOD 

The research method was divided in to four main 
components, which are data collection, data analysis, 
economic analysis and data summary. 

2.1 Data Collection 

The data was collected from the Department of 
Livestock and Fisheries, Ministry of Agriculture and 
Forestry. The obtained information consists of 

1) The number of animals and farm in nationwide, 
there are four kinds of animals consisting of cow, 
buffalo, pig and chicken. 

2) The farm’s location and name’s farmer in the 
provinces. 

In addition, the data for case study feasibility was also 
collected by interview with the staff working in the 
Animals Research Centre, the Pig and Poultry Breeding 
Station, Ministry of Agriculture and Forestry in Lao 
PDR.  

2.2 Data Analysis 

The data analysis was divided in two parts as follow:  

1)  In order to know the energy potential of biogas 
production. Four kind of animals manure such as cow, 
buffalo, pig and chicken were collected. The gathering of 
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each manure has the ratio of 50%, 50%, 80% and 90%, 
respectively [2].  

2) From the case study, the amount of pig was 
analyzed to find the feasibility of the biogas production 
project. Four financial analyses were used to study the 
project feasibility, there were the net present value 
(NPV), the internal rate of return (IRR), the payback 
period (PB) and the benefit cost ratio (B/C). 

2.3 Economic Analysis 

The economic analysis of this project was considered 
by the four economic parameters as follow [3]. 

1) Net Present Value: NPV 

The NPV is the difference between the net present value 
of income and expenses over the life of the project. NPV 
is an indicator of net benefit of the project as the 
equation below: 

NPV = PVB− PVC (1) 

where the PVB is the present value of benefit and PVC is 
the present value of cost. If the NPV is more than 0 
(zero), the benefit of project is more than the project 
cost. The project is high feasible for investment.  

2) Internal Rate of Return : IRR 

The IRR is the return from the investment. IRR is a rate 
that makes the present value of revenue equal to the 
initial investment of the project. IRR can be calculated 
by: 

   ∑
= +

n

t
t

t

k

R

1 )1(
 = I  (2) 

 
where the Rt is Bt - Ct, Bt and Ct are the benefit and cost 
in the time during the project, k is the return of the 
project (IRR) and I is the initial cost . If the IRR is more 
than the discount rate, it can be acceptable for the 
project. The project will be rejectable when the IRR is 
less than or equal to the discount rate. 

3) Payback Period: PB 

The payback period is the duration (number of years) 
when the return is equal to investment. The PB can be 
calculated by 

PB = Initial Cost / Net Revenue (3) 

If the project can be returned by short time, it is 
acceptable for the project. 
4) Benefit Cost ratio: B/C 

The B/C is a comparison between the present value of 
the return and the current cost of the investment and 
expenses. B/C can be calculated by: 

B/C = )
)1(

(
0
∑

= +

n

t
t

t

i

B
 / )

)1(
(

0
∑

= +

n

t
t

t

i

C
 (4) 

If the B/C is more than 1, that means the return of 
project will be worth. However, if the value is less than 
1, that means the returns from the project is not worth for 

investment. 

2.4 Data Summary 

To obtain the information in order to use and set up the 
policy for alternative energy promotion in Lao PDR, the 
energy production potential was divided by provinces 
and types of animal. The data from feasibility study was 
also summarized in this part.  

3. THE ENERGY POTENTIAL OF BIOGAS 
PRODUCTION  

From the data collection of animal farms, the Lao P.D.R 
has 17 provinces that having animal farms. The number 
of animal from four kinds of animals: cow, buffalo, pig 
and chicken were shown in Table 1.  
 
Table 1.  The amount of animals in Lao PDR [4] (1,000 unit) 

Provinces Cow Buffalo Pig Chicken Total 

Phongsaly 23 37 170 554 785 

Louang namtha 20 17 88 458 584 

Oudomxay 49 44 140 1,476 1,703 

Bokeo 54 24 62 402 542 

Louang phabang 79 63 179 1,869 2,190 

Huaphan 72 44 244 332 692 

Xayabuly 117 48 133 2,205 2,504 

Vientiane capital 118 18 137 1,319 1,593 

Xieng khouang 167 51 66 604 889 

Viengchanh 167 71 103 1,541 1,884 

Boli khamxay 58 45 66 727 897 

Khammoun 94 62 75 507 739 

Savannakhet 398 290 281 2,882 3,852 

Salavanh 149 133 794 5,329 6,405 

Sekong 25 28 129 611 794 

Champasak 140 133 180 4,736 5,189 

Attapeu 18 42 31 413 505 

Total 1,748 1,150 
2,87

8 
25,965 

31,74
7 

 
From the Table 1, it was found that the Lao PDR has 

the total number of 31.75 million animals. The most 
animal portion was chicken, 25.97 million animals or 
81.7% of the total numbers. The next lower portions 
were pig, cow and buffalo respectively. 

Moreover, from the calculation of the energy potential 
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for biogas production from animal manure, the ability of 
manure gathering was considered. The percentage    of the 
manure gathering from the total manure of cow, buffalo, 
pig and chicken were 50%, 50%, 80% and 90%, 
respectively [3]. The energy potential of biogas 
production from animal manure was shown in Table 2. 

 
Table 2. The energy potential of biogas production 

List Cow Buffalo Pig Chicken Total 

Amount of 
animal 
(million) 

1.75 1.12 2.88 25.97 31.75 

Weight of 
manure 
(kg/animal)  

5.44 8 1.47 0.03  

Weight of 
manure (million-
kg/day) 

9.5 9.2 4.2 0.76 23.6 

Percentage can 
be gathered (%) 

50 50 80 90  

Weight of animal 
manure 
production. 
(million-kg/day) 

4.7 4.6 3.3 0.7 13.3 

Volume of 
biogas can be 
produced 
(liter/kg) 

90 90 340 310  

Volume of 
biogas 
production.  
( million-
liter/day) 

428 415 1,149 217 2,210 

Volume of 
biogas 
production.  
(million-m3/year) 

156 152 419 79 807 

 

From Table 2, it was found that the total of energy 
from biogas production in the Lao P.D.R was 807 
million m3/year. This was assumed to be able to produce 
electricity about 1,163 million kWh (1 m3 of biogas is 
equivalent to 1.4 kWh). [3] In other case, 1 m3 of biogas 
is equivalent to more than 1.4 kWh, which depends on 
the efficiency of the generator. 

The potential of biogas production which was pig’s 
manure has the highest 419 million m3/year or 52% of 
the total energy potential. The next highest potential was 
the manure of cow, buffalo and chicken which had a 
portion of 19%, 19%, and 11%, respectively. The 
percentage of volume of biogas was shown in Figure 1. 

 

Fig. 1. The percentage of volume of biogas production. 
 
 
Furthermore, consider the energy potential of biogas 

production segmented by provinces, it was found that the 
potential area was divided in to 3 groups as shown in 
Figure 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2. Map of energy potential of Lao P.D.R. 
 
From Figure 2, three groups were the high potential 

provinces (Green), the middle potential provinces 
(Yellow), and low potential provinces (Blue), 
respectively.  The high potential group has an energy 
potential more than 70 million m3/year of biogas 
production. The provinces in this group were 
Savannakhet, Salavanh and Champasak provinces. The 
middle potential group has an energy potential of biogas 
production between 37 to 70 million m3/year.  The low 
potential group has an energy potential less than 37 
million m3/year of biogas production. The average 
biogas product for each level was shown in Table 3. 
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Table 3. The average of energy potential in Lao P.D.R 

Rank Provinces 

Amount 
of 

animal  
(103 
unit) 

Biogas 
production 
(m3/year) 

Average 
(m3/year) 

High 
potential 

Savannakhet 3,852 123.51 

119.06 Salavanh 6,405 162.96 

Champasak 5,189 70.72 

Middle 
potential 

Huaphan 692 48.85 

44.03 

Louang 
phabang 

692 47.18 

Xayabuly 2,504 44.20 

Vientiane 
capital 

1,593 42.92 

Xieng 
khouang 

889 37.00 

Low 
potential 

Phongsaly 785 33.51 

25.47 

Louang 
namtha 

584 18.36 

Oudomxay 1,703 34.17 

Bokeo 542 18.28 

Viengchanh 1,884 33.19 

Boli 
khamxay 

897 23.07 

Khammoun 739 29.07 

Sekong 794 26.70 

Attapeu 505 12.95 

4. CASE STUDY 

A feasibility of biogas production project was studied by 
using economic analysis. The pig farm with 520 pigs 
were selected to use in this study. The basic data of the 
case study were shown below 

1) The farm has the average of electrical consumption 
of 3,453 kWh/month or 2,689,822 kip/month (1 kWh 
equivalent to 799 kip) 

2) The pig are  520 pigs, which consists of male pig, 
sow and piglet with the number of 20, 100 and 400, 
respectively. 

4.1 Estimation of Potential Biogas in the Farm  

The biogas production potential was calculated and 
shown in Table 4. 

From table 4, it was found that there was 644.60 
kg/day and the biogas potential can be produced 
175.33m3/day. This can be able to produce electricity 
about 245kWh/day.  
 

 

 

Table 4. The biogas production potential in the farm 

List 
Male 
pig  

Sow Piglet Total 

Amount of pig 20 100 400 31.75 

Weight of 
manure 
(kg/animal/day)  

1.83 1.40 1.17  

Weight of 
manure (kg/day) 

36.60 140.00 468.00 644.60 

Percentage can be 
gathered (%) 

80 80 80  

Weight of animal 
manure 
production. 
(kg/day) 

29.28 112 374.4 515.68 

Volume of biogas 
can be produced 
(liter/kg) 

340 340 340  

Volume of biogas 
production.  
(liter/day) 

9,955 38,080 127,296 175,33 

 

4.2 Economic Analysis of the Project 

The economic analysis was done and based on the 
following conditions; 

i) Project period is 15 years. 

ii)  Discount rate is 10%. 

iii)  Operation days are 365 days. 

iv) Technology of Biogas is MC-UASB (Medium 
Farm Channel Up flow Anaerobic Sludge 
Blanket) is used [5]. 

v) The size of biogas system is selected to be 200 
m3. 

The project cost for construction of biogas system was 
shown in Table 5, and the operating cost and return from 
biogas system were shown in Table 6 and Table 7, 
respectively. 
 

Table 5. The project cost of building biogas systems. 

Investment cost         Amount (kip) 

1. Biogas production system 56,348,750 

2. Power house 10,355,000 

3. Power generator (15 kW) 53,000,000 

4. Consultant 53,000,000 

5. Transportation 2,000,000 

       Total 174,703,750 
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Table 6. The operation and management cost of biogas 
production system (O&M). 

        O&M cost  Amount/year (kip) 

1. Labour 7,512,000 

2. Maintenance of generator 17,490,000 

3. Electricity price 3,600,000 

       Total 28,602,000 

 

Table 7. The returns from biogas system 

Volume of biogas production. 
(m3/day) 

175.33 

1m3 of biogas equivalent to 1.4 kWh 1.4 

Energy power  (kWh/day) 245 

Electricity price (kip/kWh) 779 

Total of Amount/year (kip) 70,605,168 

 
From table 5 to table 7, the total project cost for 

investment of biogas production system was 174,703,750 
kip (Lao currency), the operation and management cost 
was 28,602,000 kip/year, and the returns from biogas 
system was 70,605,168 kip/year. Thus the net revenue of 
this project was calculated as below: 

 
Net Revenue = Revenue - Payment (O&M) 

   = 70,605,168 - 28,602,000  
Net Revenue = 42,003,173 kip/year. 

4.3 Economic Calculation 

The net present value (NPV) can be calculated from 
investment cost and the present value of benefit (PVB). 
The PVB means the conversion of all revenue of the 
project to the revenue in the present as the following the 
equation; 

PVB = FV / (1+r)n (5) 

         = 
1)1.01(

172,003,42

+
 +….+

15)1.01(

172,003,42

+
 

PVB = 319,479,473 kip 

From equation (1), NPV can be calculated by 

NPV = PVB− PVC 

NPV = 319,479,473 - 174,703,750   

NPV = 144,775,723 kip 

From the calculation, it was found that the NPV of the 
project during 15 years was 144,775,723 kip. 

The internal rate of return (IRR) can be calculated 
from investment cost (I) and revenue of project (R) from 
equation (2) as follows: 

 

1)1(

172,003,42

k+
 + …. + 

15)1(

172,003,42

k+
= 174,703,750 

k = 0.2296 or IRR = 22.96 % 

From the calculation, it was found that the IRR of the 
project was 22.96%. 

The payback period (PB) can be calculated from 
equation (3) as follow: 

PB = Initial Cost / Net Revenue 

PB = 174,703,750 / 42,003,172 

PB = 4.16 years 

The result has shown that the PB of the project was 
4.16 years.  
 

The benefit cost ratio (B/C) can be calculated with 
comparison the present value of benefit (PVB) and 
investment cost from equation (4) as follow: 

B/C = 
750,703,174

3319,479,47   = 1.82 

The result has shown that the B/C of the project was 
1.82. 

All results of financial analysis can be shown in Table 
8. 

 
Table 8. The result of economic analysis of the farm 

NPV  
(kip) 

IRR 
(%) 

PB 
(year) 

B/C 
(kip) 

144,775,723 22.96 4.16 1.82 

4. CONCLUSION 

From the study, the results revealed that the Lao P.D.R 
has a potential of biogas production from animal manure 
of 807 million m3/year or 1,163 million kWh. The result 
can give important data of biogas production potential to 
Lao P.D.R for encouraging and developing the 
alternative energy within the country. 

Moreover, from the financial analysis of the case 
study, it was found that the net present value (NPV) at   
discount rate (10%) was 144,775,723. It has profit from 
the investment. The internal rate of return of the project 
(IRR) was 22.96%, which was more than the discount 
rate. The payback period was 4.1 years and the benefit 
cost ratio (BCR) was 1.82. The project of biogas 
production was acceptable and feasible to promote in   
Lao PDR.  
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Abstract— This paper describes a Reliability Centered Maintenance (RCM) implementation on PEA power distribution 
systems. In order to achieve a cost-effective maintenance program, RCM is to prioritize the failure modes according to 
their effects, and then to select the effective maintenance activities for those failure modes. Preventive maintenance 
(PM) activities are mainly focused on the RCM program driven by the marginal benefit-to-cost ratio (B/C) between 
outage costs and maintenance costs. For a case study, Bang Pa In branch office located in Phra Nakhorn Si Ayutthaya 
Province, one of local power distribution utilities of Provincial Electricity Authority Central Area 1 (PEA C1) is 
selected for RCM implementation. 
 
Keywords— Power distribution reliability, maintenance planning, cost-effective maintenance, failure modes. 
 

1.     INTRODUCTION 

All industrial units require a reliable production process 
for sustainable survival in growing competition in 
today’s economy. It is apparent that the continuity of 
power supply is essential to the function of industrial 
processes.     

Therefore, power distribution systems operated by 
electric utilities must provide even more reliable 
electrical power to serve such requirement. This has 
become the primary objective of electric utilities to 
maintain their power distribution infrastructure at peak 
reliability levels.  

Reliability Centered Maintenance (RCM) is a method 
of maintenance optimization widely used in global 
industries. In this paper, RCM is modified to a simple 
version well suited for applications to PEA power 
distribution networks. The main concept of the modified 
RCM is to prioritize the failure modes according to their 
effects, and then to select the effective maintenance 
activities for those failure modes. Preventive 
maintenance (PM) activities are mainly focused on the 
RCM program taking into account the marginal benefit-
to-cost ratio (B/C) between outage costs (OC) and 
maintenance costs. 

In this paper, the modified RCM is applied to power 
distribution systems of a PEA local utility, Bang Pa In 
branch office in Phra Nakhorn Si Ayutthaya Province in 
Central Area 1 of Provincial Electricity Authority of 
Thailand (PEA C1). The method is illustrated in step by 
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step procedure. The PM program resulted from the 
proposed RCM guarantees the cost effectiveness, and 
reduces the amount of corrective maintenance (CM) and 
outage costs of both PEA and their customers.     

2. OVERVIEW OF RCM  

Reliability centered maintenance is a qualitative method 
for determining applicable and effective preventive 
maintenance tasks to preserve the primary function of 
selected components or systems. RCM has been widely 
used in a number of industries since it increases cost 
effectiveness of maintenance programs, and provides a 
better understanding of criticality of failure modes that 
interrupt the system from functioning. The general RCM 
process [1]-[4] is summarized in the following steps. 

1. List the critical components and define their 
functions 

2. Identify the dominant failure modes for each 
chosen component, and then prioritize the failure mode 
criticality determined from their failure history and 
consequences.  

3. Determine preventive maintenance tasks for those 
critical failure modes. 

4. Formulate an RCM program. 

5. Evaluate the worth of RCM Program including 
cost analysis.  

3. Modified RCM and Case Study 

The RCM procedure is modified to a simple version well 
suited for applications with PEA power distribution 
networks. It is presented in four steps as follows.  

Step 1: Feeder Selection and Information Collection 

Step 2: Definition of Feeder Boundary and Function 

Step 3: Failure Modes and Effects Analysis 

Step 4: Preventive Maintenance Task Selection 

The above steps are illustrated through an application 
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to a case study, which is Bang Pa In branch office. It is 
one of twenty branch offices in PEA C1, supplying 
electricity to 35,155 customers. The Bang Pa In branch 
office is responsible for 8 substations with 441 circuit-
km of 22-kV power distribution system. In the case 
study, the proposed RCM method is applied to 3 critical 
substations including 26 feeders that supply electrical 
power to large industrial and commercial customers. 

Step 1: Feeder Selection and Information Collection. 

The first step of RCM is the selection of power 
distribution feeders. To do this task, PEA maintenance 
data must be collected such as technical documents, 
interruption records, historical maintenance tasks data 
and maintenance expenses. The interruption records from 
year 2010 to September 2013 are shown in Table 1. 
Those interruptions were caused by unknown causes, 
equipment failures such as fuses, insulators and cable 
spacers, animals, and lightning strikes.  
 

Table 1.  Number of Interruptions by Failure Causes  

Failure causes 

Substation 

BKS BNL BNM 

Equipment failures 10 4 3 

Unknown  26 22 6 

Birds 1 1 0 

Snakes 2 0 0 

Lightning strikes 0 0 1 

 
In this step, the interruption records are considered to 

select a few significant distribution feeders for RCM 
implementation. They are selected from the outage cost 
ranking of all feeders of Bang Pa In branch office. Each 
feeder outage cost is a sum of PEA and customer outage 
costs as described in equations (1) to (4). As a result, 
feeders BKS06, BNL01, BNL03 and BKS04 are selected 
because their outage costs as given in Table 2. are higher 
than the others as shown in Fig. 1. Then, the single-line 
diagrams of those feeders are prepared, interruption 
statistic of selected feeder in the next step. 

 

∑∑ +==
k

Custi,
k

PEAi,
k

k

i
k

i )OC  (OC FOCFOC  (1) 

i
PEA

PEAi,
k λICA  OC ×=   (2) 

i
Cust.

i,Cust
k λICPE  OC ×=  (3) 

LossLoadCMICA PEA +=  (4) 

where 

i FOC  Total outage cost of feeder i (Baht) 
PEAi,

kOC  PEA outage cost of feeder i (Baht) 

Custi,
kOC  Customer outage cost of feeder i (Baht) 

iλ  Failure rate of feeder i (events/yr) 

PEAICA  Average PEA interruption cost per event 

(Baht/event) 

CustICPE  Customer interruption cost per event 

(Baht/event) [9]. 

CM Average corrective maintenance cost per 
event (Baht/event). 

LossLoad  Average revenue losses due to 
interruptions per event (Baht/event) 

k  Interruption cause k. 
 
Then, the benefits resulted from mitigating an 

interruption cause by associated PM is determined from 
(5). 

i
kFOCηB k

i
k ×=  (5) 

where 

i
kB      Benefits from mitigating interruption cause k 

by associated PM of feeder i (Baht). 
i
kFOC  Feeder outage cost due to interruption cause k 

of feeder i (Baht). 

kη  Effectiveness ratio of PM mitigating 

interruption causes k. 
 

Table 2.  FOC of Selected Feeders 

Feeder Total FOC(Baht) 

BKS06 66,094,209.66 

BNL01 52,875,367.72 

BNL03 46,265,946.76 

BKS04 39,656,525.79 
 

 

Fig.1.  FOC in all feeders. 

 

Step 2: Definition of Feeder Boundary and Function.  

In this step, the boundary of all selected feeders is first 
defined to frame the scope of analysis. It will also help 
the RCM team members to focus on the targeted areas. 
In this work, single-line diagrams of the feeders together 
with geographic maps of service areas of Bang Pa In 
branch office are used to define the boundaries as shown 
in Fig. 2 to 4. For each feeder, the boundary covers all 
medium-voltage equipment. Then, the primary function 
of each feeder that RCM wishes to preserve is delivering 
electrical power from the substation to all distribution 
transformers continuously.  
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Fig.2. Geographic maps of service areas of Bang Pa In 
branch office. 

 

Fig.3.  Single line diagram of BNL & BNM substations

 

            Fig.4.  Single line diagram of BKS 

 
Step 3: Failure modes and Effects Analysis.

After the primary function of the systems has been 
specified in the previous step, all dominant failure modes 
which interrupt the function must be determined. In this 
paper, the failure mode is defined as the dominant causes 
that interrupt power delivery. Thus, all
their effects in terms of FOC are given in Table 2.
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Failure modes and Effects Analysis. 

After the primary function of the systems has been 
specified in the previous step, all dominant failure modes 

be determined. In this 
ed as the dominant causes 

that interrupt power delivery. Thus, all failure modes and 
are given in Table 2. 

Table 2.  Feeder failure modes and effects analysis

Feeder Failure modes

BKS06 Unknown 

BNL01 
Unknown 

Equipment Failure

BNL03 
Unknown 

Equipment Failure

BKS04 

Unknown 

Snake 

Bird 
 

Step 4: Preventive Maintenance Task Selection

The objective of this step is to select the optimal PM 
tasks that achieve the 
presented in terms of a reduction of FOC. In other words, 
the methodology is designed to find the most cost
effective maintenance tasks. Here, the cost i
expenses of maintenance tasks including hardware costs, 
labor costs, etc. PM tasks selected for this case study 
including replacement of bare c
aerial cables (SAC), cable spacer maintenance, bird 
guards or snake guards installati
shown in Table 3. The marginal benefit
(B/C) between outage cost
considered to achieve effective PM task
equation (5). The costs of maintenance activities are 
presented in Table 4. 
 

Table 3.  Failure modes and associated PM

Failure modes 

Unknown 
  
  
  
  

Replacement of bare c
with SAC

Cable s

Bird guard installation

Snake g

Tree trimming

Equipment 
Failures  
  
  
  

Replacement of bare c
with SAC

Bird guard installation

Snake g

Cable s

 Snake  
  

Snake g

Replacement of bare c
with SAC

 Bird  
  

Bird guard installation

Replacement of bare c
with SAC
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Table 2.  Feeder failure modes and effects analysis 

Failure modes FOC(Baht) 

66,094,210 

39,656,526 

Equipment Failure 13,218,842 

33,047,105 

Equipment Failure 13,218,842 

19,828,263 

13,218,842 

6,609,421 

Preventive Maintenance Task Selection 

objective of this step is to select the optimal PM 
 highest reliability worth as 

presented in terms of a reduction of FOC. In other words, 
the methodology is designed to find the most cost-
effective maintenance tasks. Here, the cost is all 
expenses of maintenance tasks including hardware costs, 
labor costs, etc. PM tasks selected for this case study 

replacement of bare conductors with spaced 
aerial cables (SAC), cable spacer maintenance, bird 
guards or snake guards installation and tree trimming are 

The marginal benefit-to-cost ratio 
between outage costs and maintenance costs is 

effective PM task selection in 
The costs of maintenance activities are 

Failure modes and associated PM tasks 

PM tasks 

Replacement of bare conductor 
with SAC 

Cable spacer maintenance 

Bird guard installation 

Snake guard installation 

Tree trimming 

Replacement of bare conductor 
with SAC 

Bird guard installation 

Snake guard installation 

Cable spacer maintenance 

Snake guard installation 

Replacement of bare conductor 
with SAC 

Bird guard installation 

Replacement of bare conductor 
with SAC 
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Table 4.  Average costs of maintenance activities  

Maintenance Task Average 
Costs  

Unit 

Tree trimming 1,083 Baht/km 

Snake Guard installation 110 Baht/set 

Bird Guard installation 1,000 Baht/set 

Replacement of bare   
conductor with SAC 

1,000,000 Baht/cct-km 

Cable spacer maintenance 61,700 Baht/km 

 
For example, all PM tasks ranked by marginal benefit-

to-cost ratio for BNL01 are shown in Table 5. 
 

Table 5.  Ranking of PM tasks for BNL01 

Failure modes PM tasks B/C 

Unknown  Tree trimming 183.16 

Unknown  Snake Guard  
Installation 

72.10 

Unknown  Bird Guard 
Installation 

38.33 

Equipment 
Failures  

Snake Guard  
Installation 

33.65 

 Equipment 
Failures  

Bird Guard  
Installation 

17.89 

Unknown  Cable Spacer 
maintenance 

3.21 

Equipment 
Failures  

Cable Spacer 
maintenance 

1.50 

Unknown  Replacement of 
bare conductor 
with SAC 

0.20 

Equipment 
Failures  

Replacement of 
bare conductor 
with SAC 

0.09 

 
For feeder BNL01, the optimal PM tasks which attain 

the highest marginal B/C ratio are tree trimming, bird 
guards and snake guards installation and cable spacer 
maintenance. The marginal benefit-to-cost ratio (B/C) 
between outage costs and maintenance costs is 
considered for the effective PM task selection (all dots 
above red line) for all feeders as shown in Fig. 5 to 8. 

  

 

              Fig.5. The Maintenance Cost and FOC of BNL01 

 

Fig.6. The Maintenance Cost and FOC of BKS06 

 

 

          Fig.7.  The Maintenance cost and FOC of BNL03 

 

 

         Fig.8.  The Maintenance Cost and FOC of BKS04 
 

The total cost of selected PM tasks versus a reduction 
of feeder outage costs are shown in Table 6. for each 
feeder.  
 

Table 6. Total cost of PM tasks versus a reduction of FOC 

Selected Feeder  Maintenance 
Cost (Baht) 

 FOC reduction 
(Baht)  

BKS06 175,774.94  2,488,446.99  

BNL01 246,053.28  2,714,092.63  

BNL03 3,166,873.10  32,690,592.66  

BKS04 270,645.44  1,834,114.32  

Total 3,859,346.76  39,727,247  

4. CONCLUSION 

In this paper, Reliability Centered Maintenance (RCM) 
is implemented on PEA power distribution systems. In 
order to achieve a cost-effective maintenance program, 
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RCM is to prioritize the failure modes according to their 
effects, and then to select the effective maintenance 
activities for those failure modes. Preventive 
maintenance (PM) activities are mainly focused on the 
RCM program driven by the marginal benefit-to-cost 
ratio (B/C) between outage costs and maintenance costs. 
The PM program resulted from the proposed RCM 
guarantees the cost effectiveness, and reduces the 
amount of corrective maintenance (CM) and outage costs 
of both PEA and their customers.     
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Abstract— This paper presents the on-line monitoring system for bushing of large power transformer. The system is 
aimed to detect the degradation of bushing and provides the alarm before bushing failure. Generally the high voltage 
bushing is produced as a condenser type bushing, consisting of several paper insulation layers separated with 
conductive foils for each layers. Thus the degradation of internal insulation will affect the value of capacitance and 
power factor of insulation. These two parameters can be monitored on-line by installing the sensing device at the test 
tap of bushing. Then the changing of insulation capacitance will lead to the change of leakage current value through 
bushing insulation. In case of perfect bushing, the leakage current of each bushing should be equal and the summation 
of all three phase leakage current should be zero. If one bushing has problem with internal insulation, the leakage 
current will be higher. This makes the summation of current to be greater than zero. This knowledge is used to develop 
the detection and decision making algorithms in microcontroller and the hardware will be developed to implement as 
on-line monitoring system for bushing of large power transformer in transmission system. 
 
Keywords— Bushing, leakage current, on-line monitoring, power transformer. 
 

1.     INTRODUCTION 

Power transformer is one of the key equipment in 
transmission network. The failure of power transformer 
is catastrophic that leads to wide area power supply 
interruption. From the international survey and failure 
statistics recorded from Thailand transmission system, 
bushing failure is approximately 20 percent of 
transformer’s failures. The main cause of failure is the 
aging of seal and gasket due to environmental heat and 
temperature variation. Moreover, the human error during 
maintenance can cause the loosen test tap, through which 
the moisture can pass to the inside insulation of bushing. 
Thus, the ingress moisture is the main reason of bushing 
failure.  

Therefore, this paper presents the on-line monitoring 
system for bushing of large power transformer. The 
system is aimed to detect the degradation of bushing and 
provides the alarm before bushing failure. Generally the 
high voltage bushing is made as a condenser type 
bushing, consisting of several paper insulation layers 
separated with conductive foils for each layers. Thus the 
degradation of internal insulation will affect the value of 
capacitance and power factor of insulation. These two 
parameters can be monitored on-line by installing the 
sensing device at the test tap of bushing. Then the 
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changing of insulation capacitance will lead to the 
change of leakage current value through bushing 
insulation. In case of perfect bushing, the leakage current 
of each bushing should be equal and the summation of 
all three phase leakage current should be zero. If one 
bushing has problem with internal insulation, the leakage 
current will be higher. This makes the summation of 
current to be greater than zero. This knowledge is used to 
develop the detection and decision making algorithms in 
microcontroller and the hardware will be developed to 
implement as on-line monitoring system for bushing of 
large power transformer in transmission system. 

2. CONDENSER BUSHING 

Construction 

Generally, the bushing of power transformer is made as 
condenser type, consisting of several paper insulation 
layers separated with conductive foils for each layers as 
shown in Fig. 1.  
 

 

Fig.1. Construction Detail of Typical Condenser Type 
Bushing. 
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The function of conductive aluminum foil in each 
layer is to obtain the equal voltage distribution in each 
layer. The space between internal surface of porcelain 
insulation and condenser set is filled with the insulation 
oil. Therefore, this condenser type bushing is called as 
oil impregnated paper or OIP bushing. The high voltage 
bushing consists of main capacitance C1 and tap 
capacitance C2 as shown in Fig. 2.  

 

 

Fig.2.  Main Capacitance of Condenser Type Bushing. 

Under normal condition, C1 is connected to ground via 
voltage tap cover between tap stud and mounting flange, 
while C2 is connected to ground without any voltage 
stress. The degradation of internal insulation will affect 
the value of capacitance C1 and power factor of 
insulation. These two parameters can be monitored on-
line by installing the sensing device at the test tap of 
bushing. C1 and C2 will perform as voltage divider and 
the voltage drop across C2 can be used with potential 
device. Then, the changing of insulation capacitance will 
lead to the change of leakage current value through 
bushing insulation. In case of perfect bushing, the 
leakage current of each bushing should be equal and the 
summation of all three phase leakage current should be 
zero. If one bushing has problem with internal insulation, 
the leakage current will be higher. This makes the 
summation of current to be greater than zero. The 
summation of three phase leakage current will be 
compared with the commissioning value or observed the 
increasing trend in order to set the alarm level. This 
knowledge is used to develop the detection and decision 
making algorithms in microcontroller and the hardware 
will be developed to implement as on-line monitoring 
system for bushing of large power transformer in 
transmission system.  

Dielectric Loses 

Dielectric losses are measured in units of watt loses 
whereby heat is generated due to these losses. Losses are 
created by the following causes. 

• Natural resistance of the material 

• Type of the material 

• Polar molecules such as moisture 

• Ionization of gases (partial discharge) 

Losses will vary by the amount of dielectric material. 
Since bushing are not the same size and composition, 

comparison of watt losses between different 
manufactures, sizes, etc. is difficult. Therefore, the 
industry uses the power factor to quantify the condition 
of the bushing insulation system. As loss increases due to 
any the above causes, the power factor will be also 
increased. The tap is usually connected to the outer most 
foil and in some cases to the second to last foil. The C2 
capacitance is the capacitance from the tap to ground. 
Typically, the tap is grounded; therefore, the C2 
capacitance is not in the circuit during normal operation. 
Table 1 shows the capacitance of C1 in bushing of power 
transformer (Oil-impregnate, paper-insulated type) rated 
500 pF, 30.74 V. 

 
Table 1. Capacitance of C1 in Bushing of Power 

Transformer Rated 500 pF, 30.74 V 

Case C1(pF) ∆C1 V test tap (V) ∆V test tap Decision 

I 
500 - 
505 

1%≤∆C1 
30.74 - 
31.05 

1%≤∆C Normal 

II 
506 - 
515 

1%<∆C1
≤3% 

31.06 - 
31.66 

1%<∆C
≤3% 

Warning 

III  
516 - 
525 

3%<∆C1
≤5% 

31.67 - 
32.28 

3%<∆C
≤5% 

Alarm 
(Low) 

IV 526 up ∆C1>5% >32.28 ∆C>5% 
Alarm 
(High) 

 

Power Factor 

Power Factor (PF) is the phase angle relationship 
between the applied voltages across a capacitance. The 
total current through the capacitance is given in Fig. 3. 
 

δ
Θ

 

Fig.3.  Power Factor Calculating Circuit 

For example, power factor can be calculated as 
follows. Power is equal to Voltage (E) × Current (I t) × 
Cosine (θ). Then it is similar to that Watts = E × Ir or 
Watts = E × I t × Cosine (θ). Then power factor is 
calculated as in Eq. (1): 

  
( )

    
θ= = = =r r

t t t

Watts E x I I
PF Cos

E x I E x I I
 (1) 

The variation of power factor should not vary out of 
the limitation zone (+0.02/-0.04). New bushing condition 
according to IEEE Std C57.19.01-2000) is given in Fig. 
4. 
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Fig.4.  Change in Phase Angle. 

3. BASIC THEORY 

Bushing On-line Monitoring 

In past decades, the off-line monitoring method was used 
to determine the quality of the bushing insulation. The 
bushing tests were performed and compared the 
measured power factor and capacitance to nameplate 
values or previous tests. Presently, the on-line 
monitoring method is introduced in order to observe 
performance of the bushing in real time. Some 
parameters for both methods are listed as shown in Table 
2. 
 

Table 2.  Basic Testing Parameter Comparison 

Parameters 
Off-line 
Testing 

On-line 
Testing 

Applied Voltage X  

Leakage Current X X 

Phase Angle between 
Voltage and Leakage 
Current 

X  

Frequency X X 

Current Summing 

By far, the most common method to monitor bushings is 
the sum of current method. Fig. 5 shows the installed 
bushing sensor that use for measure the Vtest tap. The 
concept of measurement has shown in Fig. 6 a block 
diagram of a bushing monitoring system that uses the 
sum of currents method. During commissioning the 
indicator is balanced to zero.  The purpose of the 
balancing circuit is to take into account the differences in 
system voltages and phase fluctuations and bushing 
characteristics. As a defect develops the complex 
conductivity of the bushing insulation changes and the 
current and its phase angle in one of the phases also 
changes. Therefore, the indicator will no longer be zero. 
The amplitude of the change reflects the severity of a 
problem. Three phase angle indicates in which phase is 
experiencing the change. 

 

Fig.5.  Installed Bushing Sensor. 

CBA III
vvv

,,−

∑− I
v

)tan(δ−

 

Fig.6.  Current Detection from Voltage Tap Circuit. 

The change in the sum of currents can be 
approximately represented by Eq. (2) under the 
assumption of a single defective phase: 

2

0
1

12

0

() tan (    






 ∆+∆≈∆=∑ C
C

I

I
I δ             (2)  

where: 

Value.Current  of Sum Initial -I

Reading, eCapacitanc Initial -C

e,Capacitanc Bushingin  Change Relative -CC

Change, DeltaTangent  -  tan 

Currents of SumParameter  - 

0

0

01∆
∆
∑

δ
I

 
Ideally, the sum of the three bushing currents should 

be zero. In reality, not all parameters are equal from each 
phase. Therefore during commissioning of the system, 
the monitor is placed in a balancing mode, and the 
monitor self-adjusts so the sum of the currents is equal or 
close to zero. 
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Fig.7.   Current Summing Difference Mode. 

Figures 7(a), 7(b), and 7(c) explain the method in 
vector format. Figure 7(a) shows all three currents from 
the bushing test taps perfectly balanced and the sum 
equal to zero. If there is a change in tangent delta in the 
phase-A bushing, an additional active current will pass 
through the phase-A bushing insulation and the new 
current I'A, thus throws the system out of balance. The 
consequent imbalance vector is equal to the tangent delta 
change and directed along the phase-A voltage vector in 
Fig. 7(b). A change in capacitance is shown in Fig. 7(c). 
This additional current is perpendicular to the phase-A 
voltage. The consequent imbalance is now positioned 
along the vector I0

A. 

Voltage Magnitude Trend 

The magnitude of the change is an indicator of the 
problem’s severity, and the vector change indicates that 
bushing is going bad as shown in Fig. 8 whether the 
power factor or capacitance is changing. The chart and 
plot shown in Fig. 9 show a recent example of a bushing 
that is going bad. 
 

AI

BI

CI

 
Fig.8.  Change in Amplitude 

 

 

Fig.9.  Investigation on Voltage Magnitude Trend 

 
Fig.10.  Sensor Circuit 

 
Fig.11.  Zero Crossing Detector Circuit 

 
Fig.12.  Microcontroller Circuit. 

When performing on-line monitoring, the key 
diagnostic factor is the sum of currents and the phase 
angle of the sum. Only estimates of the power factor and 
capacitance can be made since all the data required to 
calculate the absolute power factor and capacitance is not 
available, as it is for off line tests. For this reason, on-
line bushing monitoring provides relative calculation of 
power factor and capacitance. When the system goes out 
of balance, estimates are made on the change of power 
factor and/or capacitance. Fig. 10 shows the sensor 
circuit that use to detect the voltage at test tap. The Vtest 

tap is a key of capacitance measurement. Similarly, the 
phase angle can be detected via the zero crossing 
detection technique as shown in Fig. 11. These values are 
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then added/subtracted to baseline values (nameplate or 
recent test values) entered into the system. The vector 
analysis will be calculated by microcontroller as shown 
in Fig. 12. The microcontroller will get data from both 
sensor circuit and zero crossing detector circuit and 
indicate on LCD for help local maintenance know the 
status of bushing.  

If a user has a three phase off-line test set, all the data 
required is available. For on-line monitoring the 
following conditions apply:  

• The line voltage at the bushing terminals is assumed 
to be constant on all three phases. 

• The phase angles between the phase voltages are 
constant. 

• In additional to the leakage current, the phase angles 
between Phase A-B and A-C are also measured. The 
frequency of leakage current is measured from the 
obtained waveform by performing noise rejection 
using software filter, performing wave shaping to 
determine the cycle timing subsequently and 
recalculating the frequency from known period of 
one cycle. 

4. RESULT AND DISCUSSION 

The capacitor testing was done in four different cases. 
The results are given in Table 3. These four different 
cases have a same capacitance rating as 500 pF at 30.74 
V. 

 
Table 3.  Measured Capacitance of C1 from Measurement 

System, Rated 500 pF, 30.74 V 

Case C1(pF) ∆C1 
V test tap 

(V) 
∆ Vtest tap Decision 

I 503 0.60% 30.92 0.60% Normal 

II 509 1.08% 31.29 1.08% Warning 

III 519 3.80% 31.91 3.80% 
Alarm 
(Low) 

IV 528 5.60% 32.46 5.60% 
Alarm 
(High) 

 
From the Table 3, the capacitance value of C1 will 

directly effect to Vtest tap. So, the capacitances changing 
from 4 cases different are described as bellows. 

Case I: The capacitance of C1 changed from 500 pF to 
503 pF mean that the delta capacitance increases to 
0.60%. Then it can be concluded that the bushing was in 
normal condition because the delta capacitance is not 
more than 1%.  

Case II: The capacitance of C1 changed from 500pF to 
509 pF mean that the delta capacitance increases to 
1.08%. Then it can be concluded that the bushing was in 
“warning” condition because the delta capacitance is in 
length of 1%<∆C1≤3%. So the operator should be keep 
real time monitor. 

Case III: The capacitance of C1 changed from 500pF to 
519 pF mean that the delta capacitance increase to3.80%. 
Then it can be concluded that the bushing was in “Alarm 

(Low)” condition because the delta capacitance is in 
length of 3%<∆C1≤5%. So the operator should be follow 
system shutdown procedure and change the new busing 
into system. 

Case IV: The capacitance of C1 changed from 500 pF 
to 528 pF mean that the delta capacitance increases to 
5.60%. Then it can be concluded that the bushing was in 
“Alarm (High)” condition because the delta capacitance 
is more than 5%. So the system will emergency 
shutdown. 

5. CONCLUSION 

The diagnostic technique for on-line monitoring of 
bushing is presented in this work. The degradation of 
internal insulation will affect the value of capacitance 
and power factor of insulation. Then the changing of 
insulation capacitance will lead to the change of leakage 
current value through bushing insulation. The technique 
continuously monitors the sum of current in three phases 
in order to detect the change in value of high voltage 
capacitance. The sensor circuit and vector analysis in 
microcontroller has been developed to simulate the 
degradation of transformer bushing. The status of 
bushing is indicated in the display as well as warning 
signal to inform the maintenance officer to correct the 
problem before bushing failure. The developed system 
has been tested for several simulation cases and can be 
further implemented into the hardware for practical 
application with power transformer in transmission 
system. 
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Abstract— This paper presents the study on implementation of a light-emitting diode (LED) luminaire for road lighting 
in metropolitan area that is been responsible by the Metropolitan Electricity Authority (MEA), Thailand. The LED 
luminaire were carefully selected in accordance with the MEA and international standards. This is to ensure that such 
LED luminaire can provide the same value of illuminance as offering by existing luminaires using High Pressure 
Sodium (HPS) and High-pressure Mercury Vapour (HQV) lamps; but it consumes much lower power. Upon the study, 
the DIALux program was used to simulate the roadway illumination in several site installations of different landscapes. 
Various conditions were carefully selected and implemented. The illumination provided by new LED luminaire was then 
compared against that by the existing luminaires using HPS 250W and HQV 125W lamps. The result shows that the 
replacement of HPS 250W by LED 140W can reduce power consumption by 169 W/luminaire, which is accounted for 
56.5 % reduction. The energy saving can be achieved by 740.22 kWh/luminaire/year, which corresponds to reduction of 
CO2 of 0.444 ton/luminaire/year. Furthermore, the replacement of HQV 125W by LED 55W can also reduce power 
consumption by 92.7 W/luminaire, which is accounted for 64.4 % reduction. As well, the energy saving can be realized 
by 406.03 kWh/luminaire/year, which corresponds to reduction of CO2 of 0.243 ton/luminaire/year. Finally, the total 
energy consumption and cost from the road lighting load can be effectively reduced. 
 
Keywords— Road lighting, led road lighting, energy saving lamp. 
 

1.     INTRODUCTION 

Presently, a light-emitting diode (LED) technology plays 
an important role in everyday life; for example in TV 
monitor, electronic equipment monitor, traffic light, high 
power torchlight, lighting in building and vehicle as well 
as road lighting because of its advantages such as low 
energy conmsumption, longer lifetime, environmental 
friendliness and so on. It can also be applied to many 
application according to the user requirement and 
desiner. Several countries launched LED road lighting 
project in public area, especially the main significant 
street in the country. The project applied by LED 
application is now continuously considered for the future 
usage [1]. The Metropolitan Electricity Authority (MEA) 
takes currently consideration on LED technology in the 
basis of energy conservation in the metropolitan area. 
Therefore, there is a research project to study, 
implementation, and installation of LED road lighting in 
Bangkok [2].  

In this paper, the performances of LED luminaire are 
compared with existing luminaires that are 250W High 
Pressure Sodium (HPS) and 125W High-pressure 
Mercury Vapour (HQV) lamps in terms of value of 
illuminance and energy consumption. The DIALux 
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program was used to simulate the roadway illumination 
in several site installations of different landscapes. 
Various conditions based on MEA and international 
standards [3] were carefully selected and implemented. 
The illumination provided by new LED luminaire was 
then compared against that by the existing luminaires 
using HPS and HQV lamps. The areas in Bangkok taken 
into the study are Phahurat Road, Chakphet Road and Tri 
Phet Road, Soi Chidlom, Thetsaban Sai 1 Road. 

2. ROAD LIGHTING REQUIREMENT 

2.1 MEA Road Lighting Requirement 

LED road lighting replacements for existing lamps must 
be provided illuminance value on roadway according to 
MEA road lighting requirement [3] by depending on type 
of roadway as showed in Table 1. 
 
Table 1. Illuminance of MEA Road Lighting Requirement 

[3] 

Road Category Eh ave 
(lux) 

Uh 

Main Road 15 0.33 

Secondary/Local Road (Road width 
> 6 m) 

9.7 0.33 

Soi (Road width < 6m) 4.3 0.33 

Personal Road 6.5 0.16 
Eh ave = Average value of horizontal illuminance, lux 
Uh = Uniformity ratio of horizontal illuminance 
Uh=Eh min/ Eh ave 

 

Jarin Halapee 
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2.2 MEA Road Lighting Installation Requirement 

Road lighting installation in case of installed on concrete 
pole and without central reservation for HQV 125W and 
HPS 250W according to MEA drawing standard [4] 
based on installation requirement is shown in Table 2. 

Table 2. Road Lighting Installation in Case of Installed on 
Concrete Pole and without Central Reservation 

Configuration HQV 125W HPS 250W HPS 250W 

Road Width 
“W” (m) 

3 < W < 4 7 < W < 10 10 < W < 13 

Luminaire 
Spacing 
“S” (MAX.) 

32 m 40 m 40 m 

Arrangement Single-Sided 
Fig.1 

Single-Sided 
Fig.1 

Staggered 
Fig.2 

Boom Lenght 1.2 m 1.7 m 1.7 m 

 

Fig.1. Single-Sided Arrangement 

 

Fig.2. Staggered Arrangement 

2.3 Position of Calculation Points 

The calculation points according to International Commission 
on Illumination, CIE 140: 2000 [5] should be evenly 
spaced in the field of calculation and located as shown in 
Fig.3.  

 

Fig.3. Position of Calculation Points in a Driving Lane. 

2.3.1 In the Longitudinal Direction 

The spacing (D) in the longitudinal direction is 
determined from the equation (1): 

 � =
�

�
 (1) 

where: D is the spacing between points in the 
longitudinal direction (m); S is the spacing between 
luminaries in the same row (m); N is the number of 
calculation points in the longitudinal direction chosen 
such that: for S≤30 m, N=10, for S ≥ 30 m, N is the 
smallest integer giving D≤3m. 

The first transverse row of calculation points is spaced 
at a distance D/2 beyond the first luminaire (remote from 
the observer). 

2.3.2 In the Transverse Direction 

The spacing (d) in the transverse direction is determined 
from the equation (2): 

 � =
��

�
 (2) 

where:d is the spacing between points in the transverse 
direction (m); WL is the lane width (m).  

The outermost calculation points are spaced d/2 from 
the edges of the lane. 

3. LED INSTALLATION AND SITE TEST 

To compare the illumination performance and the 
electrical performance according to standard of MEA, 
HPS 250W with LED 140W, HQV 125W with LED 
55W in case of installed on concrete pole and without central 
reservation was analyzed by using the ideas that include: 

o Analysis of illumination performance of HPS and 
HQV luminaires by installation and measurement 
data on site test. 

o Analysis of illumination performance of LED 
luminaire by installation and measurement data on 
site test. 

o Analysis of illumination performance of LED 
luminaire by calculation using DIALux program. 

3.1 Condition for Analysis and Site Test 

The detail associated with analysis of illumination 
performance of road lighting has been shown in Table 3. 

3.2 Road Lighting Installation Setting for Analysis 
and Site Test 

Site test in the selected site was carried out in MEA 
distribution area of Samut Prakan province. Three 
luminaries were set as shown in Fig.4 and Fig.6 and the 
position of illuminance measurement points as shown in 
Fig.5 and Fig.7. 
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Table 3. Detial of Installation and Requirement for 
Calculation and Testing o

Luminaire HPS 250W
LED 140W

Arrangment Single

Road width (m) 8 

Number of lanes 2 

Mounting hight (m) 8.5 

Luminaire spacing (m) 40 

Overhang (m) 2 

Eav (@ MF=0.7) (lux) 15 

U0 (Emin/Eav) 0.33 
Note:*Luminaire spacing of testing on site test for

LED 55W are 40 m because of limitation of site test.

Fig.4. Road Lighting Installation for
LED  140W 

Fig.5. Position of measurement points for 
and LED 140W 

Fig.6. Road Lighting Installation for
and LED 55W 

/ GMSARN International Journal 8 (2014) 53 - 60 

of Installation and Requirement for 
n Site Test 

HPS 250W 
LED 140W 

HQV 125W 
LED 55W 

Single-Sided (Fig.1) 

6 

2 

 7.8 

 32(40)* 

1.5 

 7.5 

 0.33 
*Luminaire spacing of testing on site test for HQV 125W and 
LED 55W are 40 m because of limitation of site test. 

 

Road Lighting Installation for  HPS 250W and  

 

points for HPS 250W  

 

Road Lighting Installation for  HQV 125W  

Fig.7. Positions of Measurement for 
and LED 55W

3.3 Comparative Analysis Result Between
and LED 140W 

Table 4 shows the comparative analysis result 
performance between HPS 
following installation and measurement data and using 
DIALux program on site test with a 
40 m. Table 5 shows the comparative analysis result 
electrical performance between
140W by installation and measurement data on site test
Data was shown as average value per luminaire.

Table 4. Comparison of Lighting Performance between
HPS 250W and LED 140W

Parameter Requirement

Measurement Result 

Eav (@ MF=0.7) (lux) 15

U0 (Emin/Eav) 0.33

Calculation Result 

Eav (@ MF=0.7) (lux) 15

U0 (Emin/Eav) 0.33

 
Table 5. Comparison of Electrical Performance between

HPS 250W and LED 140W

Parameter 

Input voltage (V) 

Input current (A) 

Input power (W) 

Power factor (lag) 

 
The results of comparison analysis in Table 4 found 

that LED 140W had the illumination less than HPS 
250W, while providing more than the standard criteriea 
of MEA, therefore, it can be used replacemented for HPS 
250W. Interestingly, comparison in Table 5,
can reduce the power up to
to 56.5 %). 

3.4 Comparative Analysis Result Between
and LED 55W 

Table 6 shows the comparative analysis result 
performance between HQV 125W and LED 55W
following installation and measurement data and using 
DIALux program on site test with 
40m and 32m. 

55

 
. Positions of Measurement for HQV 125W  

and LED 55W 

Comparative Analysis Result Between HPS 250W 

Table 4 shows the comparative analysis result of lighting 
HPS 250W and LED 140W by 

installation and measurement data and using 
DIALux program on site test with a luminaire spacing as 

Table 5 shows the comparative analysis result of 
electrical performance between HPS 250W and LED 

nd measurement data on site test. 
Data was shown as average value per luminaire. 

Comparison of Lighting Performance between  
HPS 250W and LED 140W 

Requirement HPS 
250W 

LED 
140W 

15 22.07 16.28 

0.33 0.05 0.29 

15 N/A 14.67 

0.33 N/A 0.41 

Comparison of Electrical Performance between  
HPS 250W and LED 140W (average per luminaire) 

HPS 250W LED 140W 

230 230 

1.35 0.57 

299 130 

0.520 0.985 

The results of comparison analysis in Table 4 found 
that LED 140W had the illumination less than HPS 
250W, while providing more than the standard criteriea 

, it can be used replacemented for HPS 
250W. Interestingly, comparison in Table 5, LED 140W 
can reduce the power up to 169 W/luminaire (saving up 

Comparative Analysis Result Between HQV 125W 

Table 6 shows the comparative analysis result of lighting 
HQV 125W and LED 55W by 

installation and measurement data and using 
DIALux program on site test with luminaire spacing as 



 

 J. Halapee / GMSARN International Journal 8 (2014) 53 - 60  

 

56 

Table 7 shows the comparative analysis result of 
electrical performance between HQV 125W and LED 
55W by installation and measurement data on site test. 
Data was shown as average value per luminaire. 

Table 6. Comparison of Lighting Performance between  
HQV 125W and LED 55W 

Parameter Requirement HQV 
125W 

LED 
55W 

Measurement Result (40 m) 

Eav (@ MF=0.7) (lux) 7.5 4.12 7.27 

U0 (Emin/Eav) 0.33 0.302 0.151 

Calculation Result (40 m) 

Eav (@ MF=0.7) (lux) 7.5 N/A 6.77 

U0 (Emin/Eav) 0.33 N/A 0.246 

Calculation Result (32 m) 

Eav (@ MF=0.7) (lux) 7.5 N/A 8.39 
U0 (Emin/Eav) 0.33 N/A 0.401 

Table 7. Comparison of Electrical Performance between  
HQV 125W and LED 55W (average per luminaire) 

Parameter HQV 125W LED 55W 

Input voltage (V) 230 230 

Input current (A) 1.35 0.23 

Input power (W) 144.0 51.3 

Power factor (lag) 0.600 0.951 

 
The results of comparison analysis in Table 6 are 

found that LED 55W had the illumination more than 
HQV 125W; therefore, it can be concluded that LED 
55W can be replaced for HQV 125W. Interestingly, 
comparison in Table 5, LED 55W can also reduce the 
power up to 92.7 W/luminaire (saving up to 64.4 %). 

4. REPLACEMENT OF EXISTING LAMP BY 
LED 

4.1 Determination on Tested Area 

To study and test LED road lighting, the decided areas 
consist of:  

o Phahurat Road,  Chakphet Road and Tri Phet 
Road: replacement of 85 luminaires HPS 250W 
by LED 140W (Fig.8) 

o Soi Chidlom: replacement of 37 luminaires HPS 
250W by LED 140W (Fig.9) 

o Thetsaban Sai 1 Road: replacement of 20 
luminaires HQV 125W by LED 55W (Fig.10) 

 

Fig.8. Map of Phahurat Road, Chakphet Road and  
Tri Phet Road. 

 

Fig.9. Map of Soi Chidlom. 

 

Fig.10. Map of Thetsaban Sai 1 Road. 

4.2 Illumination Performances Analysis in Test Areas 

Table 9 shows the comparative analysis result of lighting 
performance between HPS 250W and LED 140W by 
installation and measurement data on Phahurat Road as 
shown in Table 8. The results show that although LED 
140W provides illumination less than HPS 250W, but it 
still exceeds the standard criteriea of MEA. Therefore, it 
can be concluded that the HPS 250W can be replaced by 
LED 140W. 

Table 8. Road Lighting Installation Detail on Phahurat Road 

Luminaire HPS250W/ LED140W 

Arrangment Staggered 

Road width (m) 14.5 

Number of lanes 5 

Mounting hight (m) 8.8 

Luminaire spacing (m) 36/32 

Overhang (m) 2 
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Table 9. Comparison of Lighting Performance between  
HPS 250W and LED 140W on Phahurat Road 

Parameter Requirement HPS 
250W 

LED 
140W 

Eav (@ MF=0.7) 
(lux) 

15 37.7 30.7 

U0 (Emin/Eav) 0.33 0.35 0.42 

 
The comparative analysis result of lighting 

performance between HQV 125W and LED 55W by 
installation and measurement data on Thetsaban Sai 1 
Road as shown in Table 10. It is found that the LED 
55W has more illumination than the HQV 125W. 
Therefore, it can be concluded that the HQV 125W can 
be replaced by the LED 55W. 

 

Fig.11. Illumination Comparison between HPS 250W (top)  
and LED 140W (bottom) on Phahurat Road. 

 

Fig.12. Illumination Comparison between HQV 125W (top)  
and LED 55W (bottom) on Thetsaban Sai 1 Road. 

 

Table 10. Road Lighting Installation Detail on  
Thetsaban Sai 1 Road 

Luminaire HQV 125W/ LED 55W 

Arrangment Single-Sided 

Road width (m) 5 

Number of lanes 2 

Mounting hight (m) 6.5 

Luminaire spacing (m) 33 

Overhang (m) 1.5 

 

Table 11. Comparision of Lighting Performance between  
HQV 125W and LED 55W on Thetsaban Sai 1 Road 

Parameter Requirement HQV 
125W 

LED 
55W 

Eav (@ MF=0.7) 

(lux) 
7.5 8.7 15.5 

U0 (Emin/Eav) 0.33 0.25 0.29 
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4.3 Energy Saving and CO2 Reduction Analysis 

Table 12 shows the energy usage by the HPS 250W as 
compared to replacement by the LED 140W in 
kWh/luminaire/year. The results show that LED 140W 
can save energy up to 740.22 kWh/luminaire/year which 
in turn reduces CO2 emission by 0.444 
ton/luminaire/year. Thus, if one-hundred of LED 140W 
are installed, the energy will be saved 74,022 kWh/year 
and can reduce CO2 emission by 44.413 ton/year. 

Table 13 shows the energy usage by the HQV 125W as 
compared to replacement by the LED 55W in 
kWh/luminaire/year. The results indicate that using LED 
55W can save energy up to 402.03 kWh/luminaire/year 
which in turn reduces CO2 emission by 0.243 
ton/luminaire/year. Thus, if one-hundred of LED 55W are 
installed, the energy will be saved 40,603 kWh/year and 
can reduce CO2 emission by 24.362 ton/year. 

Table 12. Energy Consumption in kWh/luminaire/year of  
Replacement of Existing HPS 250W by LED 140W 

Parameter HPS 250W LED 140W 

Power 
Consumption 
(W) 

299 130 

kWh/year 299x4,380/1,000 = 
1,309.62 

130x4,380/1,000 
= 569.40 

Energy Saving 
(kWh) 

N/A 1,309.62 – 
569.40 

= 740.22 

CO2 Emission 
(kg/year) 

1,309.62x0.6  
= 785.77 

569.40x0.6  
= 341.64 

CO2 
Reduction 
(kg/year) 

N/A 785.77 – 341.64  
= 444.13 

Note: Average value of CO2 emissions in Thailand is 563.52 
g/kWh or approximate to 0.6 kg/kWh [6] 

Table 13. Energy Consumption in kWh/luminaire/year of  
Replacement of Existing HQV 125W by LED 55W 

Parameter HQV 125W LED 55W 

Power 
Consumption 
(W) 

144 51.3 

kWh/year 144x4,380/1,000 
= 630.72 

51.3x4,380/1,000 = 
224.69 

Energy Saving  
(kWh) 

N/A 630.72 – 224.69 
= 406.03 

CO2 Emission 
(kg/year) 

630.72x0.6  
= 378.43 

244.69x0.6  
= 134.81 

CO2 Reduction 
(kg/year) 

N/A 378.43 – 143.81  
= 243.62 

5. ECONOMIC ANALYSIS AND PAYBACK 
PERIOD  

Economic analysis takes into account the energy savings 

and the cost of the investment of the LED luminaires. 
Finding a simple payback period can be calculated using 
the following formula:  

	
��
�	������ =
����������	����	��	���	 !"	#$�%�&%'�

!��'()	�&�%�(	����	*�'	)�&'
 (3) 

The results in Table 14 are found that the payback 
period for replacement of HPS 250W by LED 140W is 
8.57 year and for replacement of HQV 125W by LED 
55W is 13.36 year. However, the payback period are 
depends on energy charge and investment cost. 

Table 14. Calculate the simple payback period for this 
project 

Parameter LED 
140W 

LED 55W 

Energy Saving 
(kWh/luminaire/year) 

740.22 406.03 

Energy Charge (THB/kWh)** 3.2532 3.2532 

Energy Saving Cost 
(THB/luminaire/year) 

2,408.08 1,320.90 

Investment Cost 
(THB/luminaire)** 

20,651.00 17,655.00 

Payback Period (year) 8.57 13.36 
Note: ** Data in December 2012 

6. CONCLUSION 

Results associated with the replacement of existing lamp 
by LED can be summarized as below:  

a. LED road lighting 140W can be replaced for HPS 
250W. Moreover, LED road lighting 140W can reduce 
the power up to 169 W/luminaire or might save energy 
up to 56.6 %. 

b. LED 140W replacement for HPS 250W can save 
energy up to 740.22 kWh/luminaire/year and can reduce 
CO2 emission by 0.444 ton/luminaire/year. 

c. LED road lighting 55W can be replaced for HQV 
125W, Moreover, LED road lighting 55W can reduce the 
power up to 92.7 W/luminaire or might save energy up to 
64.4 %. 

d. LED 55W replacement for HQV 125W can save 
energy up to 406.03 kWh/luminaire/year and can reduce 
CO2 emission by 0.243 ton/luminaire/year. 
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Abstract— This paper proposes an augmented Lagrange Hopfield network (ALHN) based method for solving long-term 
hydrothermal scheduling problem. The main objective of the problem is to minimize total power generation cost over a 
scheduling period of one year while satisfying the operating constraints of the hydro and thermal plants, such as the 
limits on the water storages, discharges, hydro and thermal generations. The ALHN method is a combination of 
augmented Lagrange relaxation and continuous Hopfield neural network where the augmented Lagrange function is 
directly used as the energy function of the network. The effectiveness of the proposed method has been tested on two 
systems and the obtained results compared to those from other methods available in the literature have indicated that 
the proposed method is very efficient for solving long-term hydrothermal scheduling problem with good optimal 
solution and fast computational time. 
 
Keywords— Long-term hydrothermal scheduling, augmented Lagrange Hopfield network (ALHN), fuel cost 
function, water storages. 
 

1.     INTRODUCTION 

Hydrothermal scheduling is designed to determine a 
feasible scheduling for power generation in hydro and 
thermal units that minimizes the operational costs of the 
system. Since there are many aspects to be considered, 
including randomness of inflow, hydraulic operational 
constraints, and electrical transmission constraints, the 
problem is usually decomposed into a series of long, mid 
and short-term schedules, with certain aspects 
represented in each term while others are neglected [1].  

The long-term hydrothermal scheduling (LTHTS) 
problem is concerned with effective utilization of the 
water inflow to the various hydro reservoirs during the 
period of interest, usually taken as one year. The solution 
to this problem consists of the determination of a plant 
for the withdrawal of water from the hydro reservoirs for 
power generation throughout the period and the 
determination of the corresponding thermal generations 
so that the total cost of fuel is minimized, subject to the 
operating constraints of the hydro and thermal plants, 
such as the limits on the water storages, discharges, 
hydro and thermal power generations [2, 3]. In one of the 
earlier works [4], the hydrothermal scheduling problem 
was solved by forming a Lagrange function by 
augmenting the cost function with the equality 
constraints on power balance, hydro power generation 
and the hydro plant characteristic equations. The 
inequality constraints, namely, limits on water storages, 
hydro power generations and thermal power generations, 
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are handled by augmenting the cost function with a 
penalty function. The full problem thus formulated is 
solved using the conjugate gradient technique. A large 
computer memory is required in this formulation and the 
convergence is dependent on the selection of penalty 
constants [2]. The method of feasible direction [5] was 
used to solve the hydrothermal scheduling problem. The 
fundamental principle of this technique is to find a 
direction of move towards the optimum value. The active 
constraints are included in determining the direction of 
move such that it always remains in the feasible domain. 
An important feature of the approach is its simplicity of 
formulation as it obviates the need of augmenting the 
objective function. A local variation algorithm (LVA) [2] 
has used the method of local variation together with 
participation factors and the lambda iteration method. 
The solution approach comprises two phases of 
computations. In the first phase an initial feasible 
hydrothermal schedule is obtained and in the second the 
schedule is improved iteratively to obtain an optimal 
hydrothermal schedule. Unlike other methods, namely, 
the conjugate gradient method (CGM) [4] and the 
feasible direction method (FDM) [5], the proposed 
method is simple to program, requires the least computer 
memory and gives an effective optimal solution in 
reasonable time. Another method based on lambda 
iteration algorithm and conjugate gradient method to 
compute discharge (LI-CGM) [6] has reached good 
quality solutions and certain convergence. J. Sasikala et 
al. [7] have applied lambda iteration algorithm for 
solving short term hydrothermal scheduling problem and 
compare the result from the method with optimal gamma 
based genetic algorithm. Augmented penalty function 
method (APFM) [8] has been used to solve LTHTS 
problem with larger scale than CGM [4] and FDM [5]. 
The results in terms of fuel cost and computation time 
have been compared to those from LVA [2]. The 
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comparison has indicated that APFM [8] is less effective 
than LVA [2]. The Hopfield neural network (HNN) has 
been applied to short-term hydrothermal scheduling [9]. 
There are many drawbacks for such an application. The 
optimal solution obtained by HNN is sensitive to the 
selected weighting factors, so selection of the factors is a 
difficult task. In addition, HNN is very difficult to deal 
with the complicated problems with nonlinear constraints 
since the problem constraints have to be linearized 
before implementing in HNN. Furthermore, for a large-
scale system HNN must take long computational time for 
convergence.  

 
In this paper, a new improvement of continuous 

Hopfield neural network, called Augmented Lagrange 
Hopfield network (ALHN) has been proposed for solving 
long-term hydrothermal scheduling problem. ALHN is a 
combination of augmented Lagrange relaxation and 
continuous Hopfield neural network where the 
augmented Lagrange function is directly used as the 
energy function of the continuous Hopfield network. On 
the contrary to HNN, ALHN can obtain the fast 
convergence for not only simple systems but also large-
scale and complicated systems. In order to verify the 
effectiveness of ALHN two systems are used to perform 
and the obtained results are compared to those from LVA 
[2], CGM [4], FDM [5], LI-CGM [6] and APFM [8]. 

2. PROBLEM FORMULATION 

The availability of limited amount of hydroelectric 
energy, in the form of stored water in the system 
reservoirs makes the optimal operation complex, because 
of the link between an operating decision in a given stage 
and the future consequences of this decision in 
subsequent stages. Further, it is impossible to have 
perfect forecasts of the future inflow as well as the load 
variation during a given period. Therefore, for long term 
storage regulation, it becomes necessary to account for 
the random nature of the load and river inflow. A 
hydrothermal system is considered with N1 thermal and 
N2 hydro plants. The problem is visualized as an M stage 
decision process by subdividing the planning period into 
M sub-intervals.  

2.1. Thermal fuel cost 

The objective function, which is the fuel cost of the 
thermal plants, is as follows: 

 (1) 
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Storage continuity constraint  
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The limits on the storage level in the reservoirs 
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Total volume of water available constraint 
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The limits on water discharge 
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Generator operating limits 
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3. ALHN BASED METHOD FOR THE 
PROBLEM 

3.1 ALHN for Optimal Solutions 

The augmented Lagrange function L of the problem is 
formulated as follows: 
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where λm, βhm, µh and γhm are Lagrange multipliers, β1,m, 
β2,hm, β3,hm and β4,h are penalty factors. 

The energy function E of the problem is described in 
terms of neurons is determined as:  

2
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where Vλ,m, Vβ,hm, Vγ,hm and Vµ,h are the outputs of the 
multiplier neurons associated with power balance and 
water constraints, respectively; VP,hm, VP,sm, VX,hm and 
Vq,hm are the outputs of continuous neurons hm, sm, hm 
and hm representing Phm, Psm, X,hm and qhm respectively.  

The dynamics of the model for updating neuron inputs 
are defined as follows: 

 (13) 
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The inputs of neurons at step n are updated: 
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where Uλ,m, Uβ,hm, Uγ,hm and Uµ,h are the inputs of the 
multiplier neurons; UP,hm, UP,sm, UX,hm and Uq,hm are the 
inputs of continuous neurons. αλ,m, αγ,hm, αβ,hm and αµ,h 
are step sizes for updating the inputs of multiplier 
neurons; and αP,sm, αP,hm αX,hm and αq,hm are step sizes for 
updating the inputs of continuous neurons. 

The outputs of continuous neurons and multiplier 
neurons: 
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where σ is slope of sigmoid function that determines the 
shape of the sigmoid function [10]. 

3.1.1 Initialization 

The initial outputs of continuous neurons are set at their 
middle limits and the multiplier neurons are set as 
follows:  
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3.1.2 Selection of Parameters 

By experiment, the value of σ is fixed at 100 for all test 
systems. The other parameters will vary depending on 
the data of the considered systems.  

3.1.3 Termination Criteria 

The algorithm of ALHN will be terminated when either 
maximum error Errmax is lower than a predefined 
threshold ε or maximum number of iterations Nmax is 
reached.  

3.1.4 Overall procedure 

The overall algorithm of the ALHN for finding an 
optimal solution for the HTS problem is as follows. 

Step 1: Select parameters for the model in Section 
3.1.2. 

Step 2: Initialize inputs and outputs of all neurons 
using (37)-(44) as in Section 3.1.1. 

Step 3: Set n = 1. 
Step 4: Calculate dynamics of neurons using (13)-

(20). 
Step 5: Update inputs of neurons using (21)-(28). 

Step 6: Calculate output of neurons using (29)-(36). 
Step 7: Calculate errors as in section 3.1.3. 

Step 8: If Errmax > ε and n < Nmax, n = n + 1 and return 
to Step 4. Otherwise, stop. 

4. NUMERICAL RESULTS 

The proposed algorithm has been coded in Matlab 7.2 
programming language and executed on an Intel(R) Core 
(TM)2 Duo CPU T7250 @2.00 GHz PC. 

4.1. The first system 

The first example chosen consists of a system with two 
hydro plants and two thermal plants. The incremental 
costs of the thermal plants are [2, 4]:  

222

111
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+=
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The water inflows in p.u. during the 12 time intervals, 
the rest of data relating to the expressions for the hydro 
plants, initial and final storage of the reservoirs and the 
transmission loss formula matrix are also given in [2, 4]. 
Load demand for all the time intervals is 8.0p.u. The 
optimal solutions are given in table 1. Clearly, all 
generations of each plant for 12 time intervals are the 
same because of the same load demand of 8.0 pu for all 
time intervals. The results comparisons in terms of total 
fuel cost and computation time among ALHN and other 
methods for the first system are given in the table 2. 
CGM [4] and FDM [5] have approximate fuel cost and 
higher than LVA [2] and ALHN. ALHN has the best 
solution compared to the all ones.   

4.2. The second system 

The second system has three hydro plants and four 
thermal plants. The complete data for the second system 
are from [6, 8]. The optimal solutions from ALHN are 
given in table 3. The result comparison in terms of total 
fuel cost and computation time among ALHN and other 
methods are given in table 4. The cost from ALHN is 
much less than LI-CGM [6] and APFM [8] but higher 
than LVA [2].  

Clearly, at the both systems, ALHN is much faster 
than all methods. LVA [2] has been implemented on a 
32-bit PRIME 2250 system with 1 MB. There is no 
computer reported in [4, 5, 6, 8]. Although ALHN has 
been executed in the better CPU than other methods, 
computation time of within 2 seconds for each system 
has also indicated that ALHN is an effective method to 
solve long term hydrothermal scheduling problem. 
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Table 1. Optimal solutions using ALHN for the first system. 

 Thermal generations Hydro generations Water discharge 

m PDm (pu) Ps1m (pu) Ps2m (pu) Ph1m (pu) Ph2m (pu) PLm (pu) qh1m (pu) qh2m (pu) 

1 8 2.7288 2.0413 2.2586 1.8843 0.9132 0.7564 1.521 

2 8 2.7288 2.0413 2.2586 1.8843 0.9132 0.8227 0.9922 

3 8 2.7288 2.0413 2.2586 1.8843 0.9132 0.9969 0.997 

4 8 2.7288 2.0413 2.2586 1.8843 0.9132 1.1451 1.5588 

5 8 2.7288 2.0413 2.2586 1.8843 0.9132 1.2927 2.4323 

6 8 2.7288 2.0413 2.2586 1.8843 0.9132 1.534 2.8734 

7 8 2.7288 2.0413 2.2586 1.8843 0.9132 1.6401 2.047 

8 8 2.7288 2.0413 2.2586 1.8843 0.9132 1.2486 0.5795 

9 8 2.7288 2.0413 2.2586 1.8843 0.9132 0.8853 0.5007 

10 8 2.7288 2.0413 2.2586 1.8843 0.9132 0.6376 0.5 

11 8 2.7288 2.0413 2.2586 1.8843 0.9132 0.5332 0.5 

12 8 2.7288 2.0413 2.2586 1.8843 0.9132 0.5127 0.5 
 

Table 2. Result comparison for the first system 

Method LVA [2] CGM [4] FDM [5] ALHN 

Cost ($) 48.6685 48.7512 48.7488 48.5907 

CPU time (s) 67 123 102 2.3 

 
 

Table 3. Optimal solutions using ALHN for the second system 

Thermal generation Hydro generation 

m 
PDm 

(MW) 
P1m 

(MW) 
P2m 

(MW) 
P3m 

(MW) 
P4m 

(MW) 
P1m 

(MW) 
P2m 

(MW) 
P3m 

(MW) 
PLm 

(MW) 

1 200 60.8542 50.664 36.334 36.334 13.151 8.0765 0 5.414 

2 210 51.6357 42.803 30.5587 30.5587 0.0501 0.2097 61.3109 7.1265 

3 205 61.411 51.1399 36.6831 36.6831 6.8325 12.6364 5.1273 5.5145 

4 180 50.8341 42.1179 30.053 30.053 9.8902 13.5418 7.3799 3.87 

5 195 51.2462 42.4688 30.3113 30.3113 16.0372 17.0841 11.7342 4.1932 

6 200 45.7969 37.8322 26.8955 26.8955 25.1512 23.1856 18.2849 4.0417 

7 220 43.4586 35.8453 25.4298 25.4298 38.0488 29.0992 27.6018 4.9133 

8 204 28.3794 23.0685 15.9782 15.9782 53.7104 33.2545 38.8607 5.2299 

9 189 16.3886 12.9543 8.4642 8.4642 66.8045 34.7673 47.4905 6.3328 

10 199 18.5544 14.778 9.8211 9.8211 71.4077 33.9512 47.5099 6.8433 

11 207 20.38 16.3164 10.965 10.965 75.9744 33.9168 45.7446 7.2622 

12 198 13.9493 10.9016 6.9356 6.9356 85.747 33.2368 48.572 8.2771 

 
 

Table 4. Result comparison for the second system 

Method LVA [2] LI-CGM [6] APFM [8] ALHN 

Cost ($) 6234.38 6800.129 6992.73 6777 

CPU time (s) 110 - 203 2.2 
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5. CONCLUSION 

In this paper, the proposed Augmented Lagrange 
Hopfield Network based method is effectively 
implemented for solving the long-term hydro-thermal 
scheduling problem. ALHN is a continuous Hopfield 
neural network with its energy function based on 
augmented Lagrange function. The ALHN method can 
find an optimal solution for an optimization in a very fast 
manner. The effectiveness of the proposed method has 
been verified through two test systems where the first 
one consist of two thermal plants and two hydropower 
plants and the second one has four thermal plants and 
three hydropower plants. The two systems are scheduled 
in twelve subintervals. The obtained results compared to 
those from other methods. The result comparison has 
indicated that the proposed method can obtain better 
optimal solutions than other methods. Moreover, the 
ALHN proposed method also takes the short 
computation time to get convergence for system ranging 
from small to larger scale. Therefore, the proposed 
ALHN method is a promising method for solving long-
term hydro-thermal scheduling problem. 
 

NOMENCLATURE 

 

as, bs, cs Cost coefficients for thermal unit s, 

N1, N2 Number of thermal and hydro plants. 

M Number of time intervals for scheduling 
horizon.   

PDm Load demand of the system during 
subinterval m 

Phm Generation output of hydro unit h during 
subinterval m 

Ph
min, Ph

max  Lower and upper generation limits of hydro 
unit h 

PLm Transmission loss of the system during 
subinterval m 

Psm Generation output of thermal unit s during 
sub-interval m 

Bij, B0i, B00  Loss formula coefficients of transmission 
system. 

Ps
min, Ps

max  Lower and upper generation limits of 
thermal unit s 

Tm Duration of subinterval m 

Xhm  Water storage for the hth hydro plant 
during the mth sub-interval 

Jhm  Water inflow into the reservoir for the hth 
hydro plant during the mth sub-interval 

qhm  Water discharge through the hth hydro 
plant during the mth sub-interval 

h0h   Basic head of hth hydro plant 

ρh The non-effective water discharge of the 
hth hydro plant. 

e  The water head correction factor to account 

for variation in head with storage of the hth 
hydro plant. 
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