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Evaluation of customer costs of reliability with time-variable loads and outage costs
Aleksandrs Ļvovs (Doctoral student, Riga Technical University), Anna Mutule (Docent, RTU) 

Abstract – The paper deals with time-variable loads and outage costs usage for evaluation of customer costs of reliability (CCR). In the paper there is given justification of need to use time variable values of loads instead of average constant load when calculating CCR. Paper presents an approach approach for evaluation of CCR based on evaluation of effect of interruptions occurring at distribution network level.
Keywords – Life Cycle Analysis (LCA), reliability, power supply. 
I. Introduction
Reliability of power supply is one the main parameters describing power system operation. Optimal power supply reliability level contributes to economically efficient work of power system. In ideal case optimal reliability level is reached when sum of costs of network improvement and costs (expenses) of customers due to power supply interruptions are minimal. In real life it is simple enough to estimate expenses of network operators that are used for improvement of reliability level. On the other side it is quite hard to evaluate customer costs of reliability (CCR) and make decision on appropriate amount of investments in grid.
To evaluate CCR, information about power supply interruption costs, as well as amount of interrupted power and energy not supplied should be known.

Further there is discussed problem of CCR identification using time variable loads of customers instead of more traditional usage of average loads.

II. formulation of problem
In the most cases analysis of CCR and energy not supplied (ENS) is performed using average loads. In such case energy consumption is replaced by average load of load point during some long period of time – season, like in [4], year, like in [5] or other time period, like in [6]. For calculation of ENS average load of year/season/other period is multiplexed with average power supply interruption time of customers. In Latvia average power supply interruption time during summer of year 2010 was ~8.5 hours, but during summer of year 2011 - ~7 hours [7].
According to results of surveys of customer about power supply interruption related costs, the costs are not constant and they change not only in terms of seasons of a year, but also in short time periods – month and time of a day [1] – [3]. As stated in [1], the worst time for interruption occurrence time for Commercial sector is between 17:00 and 21:00. In [3], at the other side, time period between 9:00 and 17:00 is mentioned as period with high Commercial sector customer interruption costs. [2] and [3] indicated similar time for Industry sector, during which power supply interruptions have the worst impact – between 9:00 and 17:00.

Usually the reason of power supply interruption costs changes during time is supposed to be changes of load values.
Fig.1 and Fig.2 represent changes of ENS and interrupted load values in 24 hour period for Commerce and Services sector of Latvia at working day. To construct ENS value change for power supply interruption it was assumed, that duration of power supply interruption is 7 hours. 
From Fig. 1 we can see that the biggest ENS values for Commerce and Services sector will be if power supply interruption will start at time period from 7:00 to 17:00. Time from 10:00 till 20:00 represent period of a day with the highest values of possible interrupted load.
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Fig. 1. ENS changes for Latvian Commerce and Services sector in case of 7 hour long interruption occurring at working day.
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Fig. 2. Load diagram for Latvian Commerce and Services sector at working day.
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Fig. 3. ENS changes for Latvian Industry sector in case of 7 hour long interruption occurring at working day.
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Fig. 4. Load diagram for Latvian Industry sector at working day.

Fig.3 and Fig.4 represent changes of ENS and interrupted load values in 24 hour period for Industry sector of Latvia at working day. Duration of power supply interruption for ENS calculation was assumed to be 7 hours. 

From Fig.3 we can see that the biggest ENS values for Commerce and Services sector will be if power supply interruption will start at time period from 5:00 to 13:00. Time from 8:00 till 15:00 represent period of a day with the highest values of possible interrupted load.

Comparing high cost periods indicated in [1] – [3] with interrupted load and ENS of the two sectors, we can conclude that costs of Commerce and Services have god correlation with load values. In this case average load can be used for identification of CCR. 
In case of Industry sector we cannot see the same correlation between high costs and periods with the biggest values of ENS and loads. Such situation can be explained by the effect of technological process in industry. In such case usage of average load value for calculation of CCR can lead to large scale errors, because even in Latvia, where Industry sector is assumed to be relatively small, it makes more than 25% of all electrical energy consumption [8].
To make calculation of CCR more precise, time-variable loads should be used in calculations. 
The next section provides approach for evaluation of CCR, when power supply interruptions are caused by outages in distribution network.
III. Approach for evaluation of customer costs of reliability

Proposed approach for evaluation of CCR is based on evaluation of effect of interruptions occurring at distribution network level. This can be based by the fact that according to statistical data [9], power supply interruptions are caused mainly by outages in distribution network.
Flowchart given in Fig.5 illustrates structure of proposed approach. Before calculation starts, information about network that includes failure rates of network elements, load diagrams, protection devices, etc. is specified. As soon as calculations can be carried out for different network configurations (states), e.g. different types of lines, number of reclosers, etc., information about networks` state number (indicated by n) is also given.
After network technical information for state n is known, calculations start. Taking into account that customer load diagrams, as well as failure rates of elements usually depend on time, different network work regimes re should be assumed. Regimes re represent such network work regimes like working days in winter or other season, holidays in winter and other seasons, etc. 
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Fig. 5. CCR calculation flowchart.

When number of regime is known, calculation of load point indices starts. During this process, failure rate – λre; unavailability – Ure and average power supply restoration time – rre values for each load point are calculated based on network configuration (state) n and regime re.
To calculate CCR for the regime re, ENS and interrupted load for each hour of a 24 hour (a day) period are calculated. CCR is calculated based on the information of each hour`s ENS and interrupted load. CCR is formed by costs caused by short (< 3 min.) and long (> 3min.) power supply interruptions and can be calculated using (1):
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Where
CCRs – customer costs of reliability caused by short (< 3 min.) power supply interruptions [monetary units].
CCRl - customer costs of reliability caused by long (> 3 min.) power supply interruptions [monetary units].

CCR caused by short power supply interruptions occur due to work of automatic reclosing devices that effectively operate in cases when line has no serious damages. For calculation of CCR caused by short power supply interruptions equation (2) is proposed. Using (2) calculations are performed for all regimes re in a single year and for all feeders F of substation.
During such short faults whole feeder line is disconnected in respect to at what feeder section short outage occurred. This means that each load point of feeder is equally affected by whole feeder`s short failures` rate – sum of short failure rates of each section. In (2), this failure rate is represented by the first item of sum in parentheses.
Short power supply interruptions also occur in cases when downstream sections have long power supply interruptions and automated reclosers are installed between sections. Effect of downstream sections` long power supply interruptions is taken into account by the second item of sum in parentheses of (2).
A days` load of load point lpf is divided into z loads – Pre,lpf,i – according to time intervals with different load interruption costs during a day, like mentioned in “Formulation of problem”. Each load of z loads is multiplexed with corresponding duration of load interruption costs and with respective costs of interrupted load. The result of this multiplexing is costs that would occur in case if interruption is in corresponding time interval of a day. Taking into account that short power supply interruptions not change in the frames of  day, the probability to have short power supply interruption in other time interval is proportional only to the length of time interval. The sum of load interruption costs during different time intervals of a day is divided by number of hours in a day – 24. In such case we receive average costs of short interruptions for a load point.
The calculation process repeats for all the load points lpf of feeder f until calculations for all load points LPf of all feeders F is done for respective network work regime re. Similar calculations repeat for each regime re and are taken into consideration proportionally to duration of each regime hre.
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where 

CCRs – customer costs of reliability caused by short (< 3 min.) power supply interruptions [monetary units].
re – network regime that affects load diagrams of load points and failure rates of network elements.
reend – total number of network working regime.

hre – duration of working regime re during year [h].
f – number of feeder.
F – total number of feeders f connected to substation.
lpf – number of load point of the feeder f.
LPf – total number of load points on a feeder f.
i – number of time interval of a day that corresponds to specific costs of load interruption.
z – total amount of time intervals of a day.
Pre,lpf,i – average active load in % of maximal active load, that corresponds time interval i of the load point lp on a feeder f during regime re [%].
hlpf,i – duration of interval i that corresponds to specific costs of power supply interruption in load point lp on a feeder f [h].
Cs,re,lpf,i – costs of short power supply interruption (< 3 min.) in time interval i of the load point lp on a feeder f during regime re [monetary unit/kW].
Pmax,lpf  – maximal active load of the load point lp on a feeder f  [kW].
L – number of feeder section.
MLf – set of sections that form a feeder f.
λLs,re – failure rate (for short outages) for section L in regime re [short outage/km year].
λLl,re – failure rate (for long outages) for section L in regime re [long outage/km year].
CCR caused by long power supply interruptions occur due to serious network damages. For calculation of CCR caused by long power supply interruptions equation (3) is proposed.
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 (3)
where 

CCRl – customer costs of reliability caused by long (> 3 min.) power supply interruptions [monetary units].

ENS(trepair)re,lpf,x, ENS(tswitch)re,lpf,x – energy not supplied for load point lpf in case if power supply interruption occur at time x of a day [kWh].
C(trepair)l,re,lpf,x, C(tswitch)l,re,lpf,x– costs of energy not supplied for load point in time of power supply interruption start hour x in regime re [monetary units/kWh].
CCRl affected by long power supply interruptions are calculated by (3) in quite similar way as using (2) for CCRs calculations. 

CCRl are affected by two types of interruptions: long interruptions in upstream sections represented by the first item of sum in parentheses of (3) and long interruptions in downstream section represented by the second item of sum in parentheses of (3). Long interruptions in downstream section affect CCRl of a load point only in case if manual sectionalizing devices are installed at downstream load point with faulted section. Otherwise, faulted downstream section  will be disconnected in 3 minutes and this will affect CCRs.
According to (3), ENS for load points is calculated for 24 possible cases. It is assumed, that interruption could occur at any hour of a day. To evaluate ENS, load diagram should be used. In case if interruption starts at 01:00 an lasts for 7 hours, it will end at 08:00. In this case ENS will be formed of energy that would be consumed during 7 hours between 01:00 and 08:00. Fig. 6. gives an example of ENS evaluation for two power supply interruptions with duration of 7 hours and starting respectively at 01:00 and 12:00.
Each ENS value is multiplexed with corresponding costs of energy not supplied, that takes into account both regime and time of a day effect on costs.
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Fig. 6. Evaluation of ENS for power supply interruptions with different starting times. 

Further paragraph gives numerical example of CCR calculations using average constant loads versus time-variable loads and power supply interruption costs.

IV. Example of calculations

As example for CCR calculations, information about time-variable costs of power supply interruptions from real pellet producing factory (further in text – Factory) placed in Latvia was used. Factory`s load diagram was assumed to correspond to typical load diagram of “woodworking industry” working with 2 shifts (see Fig. 7.). Typical load diagram was taken from data base of Latvian DSO – AS “Sadales tikls” [10].
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Fig. 7. Typical working day load diagram of “woodworking industry” working with 2 shifts. 

According to information from the Factory, maximal allowed power consumption is 5300kW, that corresponds to winter maximum consumption.
Power supply interruption costs for unplanned interruptions that occur in autumn working day at 10:00 are given in Table I. Costs are given in Latvian lats per interruption.
Table I.

Power supply interruption costs

	
	Duration of interruption

	
	1 min.
	20 min.
	1 hr.
	4 hrs.
	8hrs.

	Costs [Ls/Interruption]
	42
	840
	2520
	10080
	20160


Power supply interruption costs of the Factory are also very dependant on time, day and season of outage occurrence. Fig. 8., Fig. 9. and Fig. 10. illustrate interruption cost variation dependant on different factors.
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Fig. 8. Power supply interruption cost variation depending on time of a day.
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Fig. 9. Power supply interruption cost variation depending on day of a week.
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Fig. 10. Power supply interruption cost variation depending season of a year.

Calculations of CCR for the Factory were made both for long and short power supply interruptions.
When estimating power supply interruption costs using constant average load values, average load values were calculated for each season taking into account that autumn/spring load corresponds to 84% of winter load, but summer load corresponds to 74% of winter load. Seasonal power supply interruption cost variations for Factory were taken into account.
Performing calculations using time-variable load and cost, all types of cost and load variations were taken into account exactly in such way how it is given in equations (2) and (3).
Taking into account that variation of power supply interruption costs are given for 5 time intervals of a day (but not for all 24 hours of a day) and due to that some intervals had constant costs, authors of the paper decided to perform calculations using the third approach. The 3rd approach is based on the approach proposed in the paper, but instead of using 24 time variable loads for a day, constant average loads for 5 time intervals for a day were used.
For calculations duration of long power supply interruption was assumed to be 7 hours [7] with occurrence of 2.18 times per year [11]. Short power supply interruptions were assumed to occur 5 times per year. 

Results of calculations are summarized in Table II. Fig.11. gives information about calculated customer costs by seasons.
Table II.

Results of calculations

	Nr.
	Approach
	CCR, [Ls/year]

	1
	Constant average seasonal loads and outage costs
	1841

	2
	Proposed approach (time-variable outage costs and loads)
	2203

	3
	Modified approach using constant seasonal loads
	3085
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Fig. 11. Results of calculations by season.

As can be seen from Table II and Fig.11, results vary in wide range. In all cases usage of average loads and time-variable costs lead to cost overestimation. This can be explained by the fact, that for morning and evening periods, when the Factory has bigger outage costs, average load value is bigger than actual load and this results in overestimation of ENS.
Proposed approach (with time-variable outage costs and loads) showed the second largest results in all seasons, except winter, where two other approaches indicated bigger results. This also can be explained by bigger average loads values comparing to actual load values in time periods with higher outage costs.
V. Conclusions

Approach for customer costs of reliability, that takes into account time-variable costs and loads was proposed.
Calculations, performed using outage cost data of real pellet producing factory, showed that results of calculations are extremely dependant on used approach. Depending on load type and cost variation in time, calculated CCR value can be both higher and lower comparing to actual CCR value.
In case when information about time variable costs is not available and only average cost value is known, usage of average loads and costs is allowable for approximate CCR calculation as such approach don’t give extremely big error in calculations comparing with results obtained with time-variable load and cost approach.

If information about outage cost variation in time and load diagrams of clients is known proposed approach should be applied. Usage of average load values together with time-variable costs is not recommended as is could result in big errors in results.
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