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ASSTRACf. Hydrodesulfurization of gas-oil is a very imporlant process in Syrian 

refining industry . This product contains high percentage of sulfur . It is used wildly 

for heating and transport. The presence of sulfur causes serious pollution and 
corrosjon problems. This study invesligates the influence of various variables on the 

hydrodesulfurization of heavy Syrian gas oil over Cobalt Molybdenum catalyst. The 
results obtained showed an increase in conversion with the increase in temperature in 
the range 360-420"C. The reaction was found to follow a second order kinetics. 

Pressure increases the conversion up to a certain level and then Ihe influence is less 
marked . 

1. Introduction 

Syrian crude contains 4-5% by weight sulfur. It is in this respect one of the richest 
in sulfur in the world. It is necessary for pollution, corrosion and further catalytic 
conversions to hydrodesulfurize the various end-products . Hydrodesulfurization 
of Gas-oil and fuel-oil is especially important since most of the sulfur in the crude 
remains in these heavy cuts. The hydrodesulfurization is also more difficult 
requiring special catalysts, higher H 2/HC ratios and more severe operating 
conditions. This study investigates the influence of various operating variables on 
the hydrodesulfurization of Syrian gas-oil over Cobalt-Molybednum catalyst in a 
pilot - plant unit. 

2. Experimentals 

Experiments were carried out on gas-oil from topping units treating Syrian 
crudes. This gas-oil has the following properties: 

Molecular weight 257 gm/mole 
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Density at 20°C .95 gm/cm3 

Specific gravity API 17.44 
IBP at 0.1 bar 60°C 
Temp of 50% at 0.1 bar 290°C 
Temp of 50% at Atm 385°C 
Sulfur wt % 4.2% 

The gas-oil was mixed with n-heptane on 1: 1 ratio in order to facilitate the 
flow in the unit. The molecular weight of the mixture was calculated and found to 
be 155 grnlmole. The percentage of sulfur 2.44%. The catalyst used was supplied 
from IFP for hydrotreating units in Home Refinery Syria. It has the following 
properties: 

Volume of catalyst 230 ml 
Outside diameter 3 mm 
Specific Area 280 ± 30 m2/Kg 
Density 0.6 grnlcm3 

Specific Vol. 0.65 ± 0 .05 cm3/gm 
Losses due to friction < 2% 
Mo 0 3 = 12% wt. Co 0 = 2.2% wt. Na20 < 700 ppm, Fe203 < 400 ppm , 
Al20 3support , Losses at 550°C < 1 % wt. 

The catalyst was activated for 48 hours at a temp of 200°C and under H2 
pressure of 1 atm. The pilot-plant used is illustrated in Fig . (1) . A metering piston 
pump was used to pump the liquid into the reactor. The flow was accurately 
controlled in the range of 3-7 mllmin. The reactor was purged by N2 and then H2 
was admitted and heated by liquid Lead in the preheater. The Hydrogen flow used 
was in the range 3-6 N liter/min and the pressure was fixed at 50 bars. The 
preheater heats the gas and liquid seperately . The gas and liquid were mixed 
before entering the reactor. This consists of four sections which are electrically 
heated and with a temp control. The gas flows as a continuous phase while liquid is 
sprayed to form a film over the catalyst. The gas and liquid products go to a cooler, 
then to a filter and then to a non-return valve and finally to a high pressure 
seperator. The mixture is further cooled in a cooling seperator (water and 
methanol) then to a second seperator. 

Gas continues to atmosphere through a sampling chamber . Liquid samples 
were withdrawn from the seperator. Gas samples were taken from the sampling 
chambers. Liquid samples were analysed by the usual ASTM methods including 
sulfur determination by Quartz-tube method ASTM 01551 . 

3. Results 

3.1 Influence of Temperature 
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Fig . (2) shows the influence of temp. on the concentration of sulfur in the 
product. The temp. is in the range 360-420°C. It is obvious that an increase in 
temp . in this range increases the conversion of sulfur compounds by increasing the 
speed of the reaction. The curves are of the logarithmic type which indicates that 
the influence of temp. steadies off at a temp. > 420°C. 

3.2 Influence of space velocity 

Fig . (3) gives a plot of the percentage of sulfur in product against space 
velocity at different temps . and at constant pressure of 50 bars. It is clear that the 
curves are not linear but slightly curved . 

They show an increase in conversion with a decrease in space velocity . The 
range of space velocities are 1-1.75 hr - 1 Fig. (4) is a plot of concentration of sulfur 
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1
in product against residence time. Fig. (5) is a plot of Log --- v.s resi­

1 - x 
dence time at different temps, where x is the fraction of sulfur compounds 
converted at certain time. The curves are approximately straight lines. 

3.3 Influence of Pressure 

Fig. (6) shows the influence of pressure on the conversion of sulfur 
compounds. The pressures investigated are in the range 20-60 bars. It shows an 
increase in conversion with increase in pressure. This influence steadies off at high 

1 
pressures. Fig. (7) is a plot of Log -1-- v.s pressure.

- x 

4. Discussion of Results 

The temperature influences the velocity of the reaction according to the 
Arrehenious equation: 
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The reaction is possible thermodynamically at moderate temps. but under 
360°C it is very slow. It is clear from Fig. (2) that the influence of temp steadies off 
at temps.> 420°C. This is explained by the thermal cracking and the consequent 
formation of coke deposits. Fig. (8) is a plot of the Arrehenious equation. The 
method of least squares was used to calculate the coeffecients: 

Ln k -10603 .61 ~ + 21.67 

E 21.07 KcaVmole 

This value corresponds well with that reported by Le Page (78) . Fig . (7) illustrates 
the influence of pressure and it agrees with results obtained by Le Page (78) on 
other heavy distillates. The results on the influence of space velocity are shown in 
Fig. (5). The shape of the curves indicates that the reaction is of the second-order 
type. It is generally agreed that the kinetic order for hydrodesulfurisation of an oil 
containing a variety of sulfur compounds is second order. Thus at fixed hydrogen 
pressure the results showed a straight line logarithmic plot for sulfur removal 
against residence time. Equally at fixed flow rate H 2 pressure plotted against 
10g(1I(1-x)) gave approximately a straight line. The method of least squares was 
used to calculate the values of the velocity constants at different temperatures . 

http:10603.61
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5. Conclusions 

The influence of the main operating variables such as temperature, space 
velocity and the pressure were investigated. Those were found to correspond well 
with industrial practice. The kinetics of the reaction was found to be of the second 
order type. More work should be carried out to investigate the effect of other 
variables such as the ratio H2/HC, and the catalyst activity . Work will be carried 
out to investigate the more difficult problem of hydrodesulfurization of Syrian fuel 
oil which contains 5% sulfur using the same catalyst. 
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ABSTRACT. Electrical service interruptions , caused by severe outages, and their 
impacts upon the residential consumers' sector in the city of Riyadh have been 
investigated. This study has been conducted through questionnaires distributed 
among selected residential consumers and their responses and opinions have been 
carefully analyzed. It has been found that this sector , which constitutes about 70% of 
the Saudi Consolidated Electric Company (SCECO) energy consumption, will suffer 
tangible and intangible losses should an outage OCCur in specific periods and last for a 
long time. Comparison with results of other studi es is presented. 

Electric service interruptions occur when system capacity, due to severe outages, 
is insufficient to meet the system load levels. During these periods of inadequacy, 
outage costs will be borne by the utility, its consumers and , perhaps, by society . 
The utility outage costs include loss of revenue, loss of future sales and increased 
maintenance and repair expenditure , These costs usually form only a small part of 
the total outage costs . The greater part is that borne by the consumers. The outage 
costs depend on many factors and situations, some of which are discussed in the 
following paragraphs. 

The problem of estimating outage costs is affected by the perceived cost of an 
electric outage and the point in time when a consumer would like to buy electric 
energy but is unable to do so. Since there are different classes of consumers, each 
will tolerate loss of service differently. A residential consumer may suffer a great 
deal of hardship if an outage occurs during a hot summer day but it may be of little 
inconvenience to a commercial user which is forced to close until power is 
restored. Also an outage may cause a great loss to an industrial user if it occurs 
during the time of the production process. Therefore, consumers do not perceive 
service interruption to the same degree of hardship . 

The outage costs to a particular consumer depend also on the alternatives 
available to that individual at the time of service interruption. If the outages are 
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not expected, the consumer may have very limited alternatives and may incur a 
great loss. On the other hand, if an adequate warning is given, the losses may be 
mitigated. Also, as an outage continues or spreads to a larger subset of society, the 
society cost will tend to increase and will include such indirect cost as effects of 
inconvenience, loss of products, food spoilage, health hazards, etc . 

The major aspect of outage costs estimation is to assess the worth of power 
system reliability in order to compare it with the cost of power system 
reinforcement to establish the appropriate system reliability level. In this regard, it 
is important to realize that , while the evaluation of power system reliability has 
become a well established practice over the last decade, the assessment of the 
worth of reliability or conversely the estimation of costs of losses which result from 
system unreliability is still an immature technique. The major reason for this is 
that quantification of interruption costs is an intricate and often a subjective task. 

A review of the literature reveals that the majority of approaches used to 
assess reliability worth are based on determination of the impacts of interruptions, 
i.e., the cost of unreliability (Shipley et aJ. 1972, Telson 1975, Sulivan 1978, 
Mayers 1978, Manusinghe 1980, Bental et aJ. 1982, Sanghvi 1982, Wacker et aJ. 
1983, Allan et aJ. 1986, Anderson et aJ. 1986, Juseret 1987, Billinton et aJ. 1987, 
Shaalan 1988). These approaches, however, are not strictly comparable, the major 
reason being that the scenarios and modeling techniques are not identical. 

Methodology 

The unmatched electric demand growth in the Kingdom of Saudi Arabia and 
the subsequent increase in system size, complexity and cost due to consolidations, 
reinforcements and interconnections have compelled the system to be more 
reliable (i.e. with the least outage occurrences) . 

The objective of this work is to explore the impact of outages upon the 
residential sector in the city of Riyadh. Riyadh is the capital of Saudi Arabia and 
the largest city within the SCECO'S service area. The methodology is thoroughly 
described and documented in (Shaalan and Albahrani 1988). This methodology 
represents a customer survey which is considered to yield relatively definite results 
and can estimate the real impact of energy shortages upon the various types of 
consumers, e.g. residential, commercial, industrial, etc. The survey is based on the 
type of dwelling, quality of service offered, history of service outages, degree of 
hardship and discomfort as a result of interruptions, the customer willingness-to­
pay to avert an outage(s), impact of service interruptions at critical periods such as 
summer time and the holy month of Ramadan where the annual peak demand 
usually occurs. 
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Results and Discussions 

The data used in this study is based on 354 responses from a residential survey 
resulting from 730 questionnaires (Shaalan and Albahrani 1988) . The survey 
involved selected samples of residential consumers in Riyadh city. The respon­
dents were asked to provide information concerning their monthly energy 
consumption and payment bill. This enables the cost estimation and other results 
to be related and analyzed for their relationship with household activities and type 
of dwellings. The breakdown of respondents by dwelling type and their average 
monthly energy consumption and electric payments are whown in Table 1. 

Table I. Respondents proportions, consumptions and payments by dwelling type 

Dwelling type 
% of 

respondents 
Av. consump. 

(kWh/mo.) 
Av. bill 

(SRImo.) 

Villa 67 4500 485 
Duplex 12 2720 190 
Apartment 21 2143 150 

Opinions Regarding Electric Service and System Outages 

In response to the attitudinal questions, there was an unanimity among the 
respondents that the rate of interruptions during the last two years was very low 
and the system offers a good and reliable service . A significant number of 
respondents reported no serious problems or monetary losses as a result of power 
failures . 

Variation of Undesirability with Outages 

To explore the extent of respondents' discomfort and anxiety during power 
interruptions, they have been asked to give, based on a scale varying from 0 (no 
undesirable effect) to 5 (extremely undesirable) their level of undesirability of not 
being able to use major electrical devices such as kitchen appliances, washing 
machines, entertainment equipment, airconditions , lighting, etc. Their varying 
responses are depicted in Figure 1. It is noticed from the figure that the most 
critical devices that the residential consumers will not be able to use should an 
outage occurs are mainly the airconditioners followed by lighting then kitchen 
facilities and washing machines. Entertainment came last on their preferences and 
usage priorities. 

Variation of Undesirability with Frequency and Duration of Outage Occurrences 

The survey suggests some hypothetical scenarios of power outages in summer 
time for 4 hours between 12 noon and 6 pm. These outages may occur once per 
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Fig. 1. Variation of undesirability with inability of using major electrical devices during electric 
outages. 
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year, month or day. Their opinions are shown in Fig. 2. From the figure, it is 
shown that the inconvenience and anxiety will directly increase with the frequency 
of the outages. The respondents' reactions towards duration and occurrence time 
of interruptions were sought. These occurrences were suggested to be in the 
summer season and after midday where the usage of air conditioning is mostly 
needed. The duration of these interruptions are suggested to be 20 minutes, 1 
hour, and 4 hours. The results are shown in Fig. 3 which indicates that the 
respondents irritation rapidly increases with the length of interruption. 

47% 
41% 

24% 22% 
20% 

11% 

4 hrslyear 4 hrs/month 

91% 

2% 3% 4%o o 

o 
 5• 

4 hrslday 

Fig. 2. Variation of undesirability with frequent outages occurrences. 
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I;<'ig. 3. Variation of undesirability with duration of outages . 

Interruptions During Critical Periods 

Ramadan is a holy and a spiritual month in the arabic calendar where 
Muslems observe fasting from dawn to sunset. The holy month of Ramadan is 
marked by higher energy consumption. This consumption is more pronounced 
when Ramadan concurs with summer time. This concurrence has been taking 
place for almost ten years , so the system annual peak load usually occurs in 
Ramadan . To measure the impact severity of interruptions during Ramadan and 
to compare it to other cases , the previous scenario has been considered . Fig . 4 
portrays the extent of severity and hardship of interruptions occurring at midday 
of Ramadan . To compare the cases illustrated by Figs. 4 and 3, it is quite obvious 
that the interruptions are more immense and severe during the midday of 
Ramadan because of the high temperature in summer and the extreme usage of 
air-conditioners. 
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Fig. 4. V ariation of undesirability with duration of outages in Ramadan 

Costs Estimation Based on Willingness-to-pay Questions 

As has been noticed so far , most of the outage effects are intangible and 
cannot be measured in terms of monetary values. Therefore, a single complete 
measure of the worth of reliability of supply to residential users is difficult if not 
impossible to obtain . The question that is appropriate to ask is : "Which set of 
estimations should an analyst use as a criterion of reliability worth?" The answer 
depends on the specific purpose and theoretical structure of the analysis . In 
general , it is the author's opinion that the most suitable estimate of reliability 
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worth is the willingness-to-pay. This approach is theoretically sound and more 
pertinent to the perception of the residential customer and to his needs . 

The survey aims to measure the tendency among the respondents towards 
tariff increases and how much they are willing to pay to avoid interruptions. It is 
suggested that the power system has become subject to more frequent power 
outages. To increase system reliability, the company may add new generating units 
and/or reinforce its networks which may result in tariff increase. Hence, the 
question hypothesizes daily power interruptions in the summer period for 
durations of 20 minutes, 1 hour and 4 hours. The question then suggested a range 
of possible tariff rate increases and asked the respondent~ to perceive the 
interruption impacts and consequently to discern the fair and appropriate rate 
increases on top of the present tariff structure. The information reported by the 
respondents is displayed by Figure 5 which shows that a significant majority are 
willing to pay up to 20% of the present tariff to avoid the 4 hours per day 
interruptions. The willingness-to-pay (rate increase) becomes less when more rate 
increase is suggested or less frequent failures are postulated. The average value of 
the maximum amount per month that the respondents are willing to pay for a more 
reliable system is based on their average energy consumptions (kWh/mo.) and 
payments (SRImo .) in summer time. The cost per interruption estimate for the 
residential sector as SRlkWh and SRlkW (kW is consumer's peak demand) are 
evaluated for comparison with other studies and for planning purposes. These are 
presented in Table 2. The SRlkWh estimates were weighted by the respondent 
monthly consumption and payment and converted to a per interruption basis to 
make the estimate consistent. The SRlkW was obtained by assuming a prevailing 
load factor of 21 %. (SRlkW was converted to US$/kW for comparison with other 
estimates). 

Table 2. Residential outage costs estimation based on a daily interruption in summer time 

Duration SRlkWh SRlkW USS/kW 

20 minutes 0.2146 0.4507 0.12 

1 hour 0.8048 1.6902 0.45 

4 hours 4.3820 9.2022 2.45 

(1 US$ = 3.756 Saudi Riyal) 

Limitations of the Results 

The interruption costs estimations seen in Table 2 were analyzed (SAS 1982) 
for variation of the mean with the respondents' answers to the willingness-to-pay 
question, attitudinal, frequency and duration of interruptions, and consumption 
and payment variables. However, there are some potential limitations for the 
survey results, and these can be summarized as follows: 
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1) 	The reliability level for the SCECO'S system is very high and the respondents 
have probably not experienced serious power interruptions for the last two or 
more years. Therefore, their predictions of the actual damage that an outage 
will cause may differ. 

2) Only limited scenarios have been proposed, i.e., more interruptions and longer 
durations could be anticipated. 

3) There is a possibility that those who did not respond to the survey hold 
different opinions. 

4) A number of responses were rejected due to lack of usable information. 

Comparison of Results with Previous Studies 

Figure 6 displays the outage frequency and duration cost estimations obtained 
by this study (Riyadh), Koval et al. 1979, Sweden 1981, Wacker et al. 1983, 
BiHinton et a1. 1987. Wacker et a1. and Koval et al. used indirect worth evaluation 
based on the preparatory actions the consumer may take during interruptions. 
Billinton et al. relate the costs to the expected energy not served by using a 
frequency and duration approach and Monte Carlo simulation. The Swedish study 
determined the residential losses on the basis of household activities and leisure 
time. The comparison indicates that Riyadh study has yielded estimates rather 
below those of the other studies. This can be postulated as tbe methodology was in 
essence based on the actual payable tariff. The government heavily subsidises the 
private electric industry (the SCECOs) and the consumer pays only a reasonable 
part of the cost. In this respect, it is believed that the tariff in Saudi Arabia is much 
lower than those of other countries. The differences in estimations, seen in Figure 
6, are attributed to variations in system characteristics, the non-linear nature of 
the outage costs and the different techniques employed. 

Conclusions 

This paper presents a summary of research conducted to evaluate the 
perceived costs incurred by the residential consumers in the city of Riyadh due to 
power service interruptions. The analysis reveals that the interruptions result 
partly in consumer's discomfort and inconvenience which are difficult to quantify 
in monetary values. Using a willingness-to-pay approach, cost estimations of SR 
0.4507, SR l.6902 and SR 9.2022 per kW for 20 min, 1 hour, and 4 hour daily 
interruptions, respectively, have been determined. These figures imply the 
non-linearity of outage costs. The major contribution of this work is the 
improvement of the outage costing methodology. Another significant contribution 
is the compilation of residential cost of outages information which is a key input to 
reliability-based power system planning and comparison with results of other 
researchers. 



89 Costs of Electrical Interruptions in the .. 

4 

~ 
.:.: 

3 
~ 

ii5 
0 
u 
c 	 2.Q 
Ci. 
2 
Q; 

E 


o~&-~~______________~_ 
4o 1/3 

Inturruption duration (hours) 

Fig. 6. Comparison of residential outage cost of Riyadh with other studies 

Acknowledgement 

The author wishes to thank the Research Center at the College of 
Engineering, King Saud University, for supporting this work. Thanks are also due 
to Mr. Aly Awad for helping in data sorting and analysis. 

References 

Allan, 	R.N., Shaalan, A.M. (1986) Cost benefit and reliability assessment of electrical generating 
systems. Reliability Engineering Int . Journal, 3(1) : 1-19. 

Anderson, R., Taylor, L. (1986) The social cost of unsupplied electricity, Journal of Energy 
Economics, 8(3): 139-146. 

Bental, B., Ravids, S. (1982) A simple method for evaluating the marginal cost of unsupplied 
electricity , The Bell Journal of Economics , 13: 249-253. 

Billinton, R., Wacker, G., Subramaniam, R. (1987) Factors affecting the development of residential 
customer damage function , IEEE TPWRS. 2(1) : 204-209. 

Koval, D., Billinton, R. (1979) Statistical and analytical evaluation of the duration and cost of 
consumers interruptions, IEEE Winter Power Meeting . Paper No. A79 051-1. 



A .M . Shaalan90 

Juseret, R. (1987) Reliability criteria used in various countries, Electra, (Cigre). No . 110, pp. 67-101 . 

Manusinghe, M. (1980) The economics of power system reliability and planning: Theory and case 
s/udy, John Hokins University Press, London. 

Mayers, D.R. (1978) Two examples and some research needs of reliability/worth tradeoffs, EPRI 
Workshop Proceedings. WS-77-60. pp. 6-29 to 6·39. 

Sanghvi, A.P. (1982) Economic costs of electricity supply inlerruptions, Journal of Energy Economics, 
4(3) : \80-\92. 

SAS Institute Inc. (1982) Statislical Analysis System, User's Guide. Cary, North Carolina, U.S.A., pp . 
501-512. 

Shaa\an, A.M. (1988) Problems associated with power system planning in developing countries, The 
Journal of Engin. Sciences. King Saud University. 14(2): 385-397 . 

Shaalan, A.M., AI-Bahrani, A.H. (1988) Assessment of consumers and utility loses resulting from 
electric service interruptions, Project funded by the College of Engineering Research Center. 
King Saud University , Contract No. 1/406. 

Shipley, R.B., Patton, A.D., Denison, J.S. (1972) Power system reliability cost vs. worth. IEEE TPAS. 
91: 2204-2212. 

Sulivan, R.L. (1978) Worth of reliability, EPRI workshop proceedings , No. WS-77-60, pp. 6-40 to 
6.50. 

Swedish Electricity Association (1981) Cost of electric supply interruptions, Report transmitted by the 
government of Sweden to the Committee on Electric Power of the Economic Commission for 
Europe, No. EP/SEM. 8/R. 30. 

Te\son, M.L. (1975) The economics of alternative levels of reliability for electric power generation 
systems. The Bell Journal of Economics, 6(2): 694-697. 

Wacker, 	G. Wojclynski, E., Billinton, R. (1983) lnterruption cost methodology and results - A 
Canadian residential survey, IEEE TPAS, 102(10): 3385-3392. 

(Received 1710211988; 
in revised form 1110911988) 



91 Costs of Electrical Interruptions in the ... 

\ \ t ~ \ vPl.......)1 " •• ~. uP - :>~ -.:ill.1 w'--":- - ........ ..I....:.AI "-:>S - -"';'u.~1 ........ ..\;..1.1 ~ 

0...:> y--.ll ~.~I os:.w..l 

:/ ~~~I ~..8-1 u\J.lbA.;l :/ ~..fJ.I j~~1 ;;"""I j ,:) ~I IJ.", J ~ 
uL;~1 :J:a.....ly, ;;"""Ij..lll oJ.", ~..r.\ ..lQj3 . ~~)I ~~ ~I ~I 

~lj,:)3 J-:l:i ~~~I~I l.J-4 ~u~~ ~j3 

l.J-4 ~I 0.G. 0\ ~lj..Ll1 l.J-4 ~ ..lQj3 . ~l.:s. ? r-?1)3 r-r=~~1 

:is?I ~~lkJI !J~I ~ l.J-4 !v· ~Iy>- ~ ~13 -~I 

":""...1.>- I~l 4-,~3 ~,:)~;~ ~_~) .. ~~ o...1.>-}.1 ~,:)~I 

l.J-4 ~~I oL;L.J. I 0\ ~3 . J..,...kIl.:;3 ~13~ uljj J t.~1 
~,:)UI ;L.J-I 0\ ;;"""Ij..lll l.J-4 ~ ~ ,,;;.)~ ~ ~ ~~~~I 

~ ul» j>J U~~j ~3 4s-L.. ul» j>J U~~j~) Jl ~ Jj 

~~ ~ Ij..ll I 0.G. <t~ 4.;j lA..o ...:..1 l-5 .~ I J...a-9 J elbA.;)I I ":""3...1.>­

.1.5?i uL..lj,:) 


