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Abstract: An energy demand load analysis of the 2001 Cafeteria complex, at the University of Lagos, with the budget of
a feasible supply of biogas from a bio-degradable food waste using a downdraft bio-digester, is conducted. A walk-
through energy audit of all the appliances that are installed or operated within the complex and the thermophysical
properties of the building envelope toward achieving the ASHRAE standard for thermal comfort and indoor air quality, is
considered. The design and optimization process, involving collection, storage and management of the food waste from
about twenty vendors operating inside the complex, is proposed. Using a standardized performance index for a conven-
tional downdraft bio-digester, the level of dissatisfaction of occupants in each of the energy stocks within the 2001 Cafete-
ria is presented. The results are useful for the estimation of the economic and environmental impact assessment of a pro-
posed development of a compact solar bio-reactor for independent generation and storage of hydrogen and the estimation
of the thermal comfort of the occupants in the building, using an improved Predicted Mean Vote (PMV) model.

Keywords: Energy Stock, Demand Side Monitoring, Thermal Comfort, Predicted Percentage of Dissatisfied, Predicted Mean
Vote, Air Temperature, Relative Humidity, Concentration; Occupancy.

1. INTRODUCTION

Recent developments in Nigeria’s electricity sector
underscore a significant paradigm shift in the nation’s energy
policy. The Electric Power Sector Reform Act, 2005
attempts to obtain a solution to the problem of energy
sustainability and the promotion of clean energy. The result-
ing change is a shift of focus to the generation of power from
renewable energy such as the use of a bio-digester. With the
enormous availability of renewable resources, in addition to
being one of the largest oil producing countries in the world,
it is difficult to explain the fact that Nigeria’s power produc-
tion capacity still stands at about 4,000 MW for a population
of more than 150 million. However, the power reform plan
of the current administration, among other initiatives, pro-
poses a Feed-In-Tariff (FIT) program (to be administered by
the National Electricity Regulation Commission) for the
generation of power with renewable energy sources. If this
proposal is adopted by the major stakeholders, power pro-
ducers rated with installed capacity above 1 MW and fed
into the national grid will be paid based on the technology of
the renewable power project (21.54 cents/kWh for solar pho-
tovoltaic; 7.43 cents/lkWh for wind; and 12.63 cents/lkWh for
small hydro).
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Clean energy practice starts with effective conservation
of the available electricity in the local grid. However, there is
little incentive for energy audits and conservation practices
for most buildings in Nigeria, resulting in poor underst-
anding of the recommended standard for indoor air quality
and thermal comfort. Some of these concerns arise from ob-
servable effects on, for instance, human health, while others
stem from actual or perceived environmental risks such as
possible accidental release of hazardous materials. Renew-
able energies include wind, ocean wave and tides, solar,
biomass, rivers, geothermal (heat of the earth), etc. They are
‘renewable’ because they are regularly replenished by natu-
ral processes and are therefore in almost endless supply.
They also can operate without polluting the environment.
Technologies have been developed to harness these energies
and such technologies are called renewable energy technolo-
gies (RETSs) or “clean energy technologies” or “green energy
technologies”. Because renewable energy resources are con-
stantly being replenished from natural sources, they have
security of supply, unlike fossil fuels, which are negotiated
on the international market and subject to international com-
petition, sometimes resulting in conflicts and shortages. A
global effort towards demand side management has been
reported by the International Energy Agency [1]. Fig. (2)
shows three basic models for improving building energy
efficiency, including Solar Energy Supply Contracting (So-
lar-ESC), Energy Supply Contracting (ESC) and Energy
Performance Contracting (EPC). While the basic models
have some challenges, a search for a suitable “tool” to exe-
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Fig. (1). 2001 University Cafeteria Complex.

cute energy conservation potentials has led to the recom-
mendation of an integrated Energy-Contracting model [2].

The University of Lagos, Akoka-Yaba, Lagos (UNILAG)
is one of the foremost federal universities located in the
western part of Nigeria and was founded in 1962. The pres-
ence of the university in Lagos, which is the commercial
nerve centre of Nigeria, has caused the institution to grow
notably. The student population has continued to increase
with a corresponding increase in teaching and non-teaching
staff. Banks and agro-allied industries are now scattered
within and outside the university. A fraction of the electrical
power supplied to the University of Lagos is distributed to
staff quarters, hostels, offices, lecture halls, faculty blocks,
laboratories and workshops, shopping malls, etc., and subse-
quently used to power lighting systems, sound systems,
kitchens, fridges, air conditioners, fans, electric kettles, com-
puters and other household/office devices. This fraction of
power does not meet the 8 MW power demand of the univer-
sity community. The university administration continuously
spends millions of Naira each year to supplement power
from the Power Holding Company of Nigeria (PHCN).

Energy consumption results from thermal and electricity
demands of the building, while the supply of energy to the
building can either in form of electricity energy distributed
from the national grid or from any source of renewable en-
ergy. Adelaja et al. [3] carried a survey on the energy con-
sumption in UNILAG. It was reported that much of the elec-
tricity consumption is utilized to power the air conditioning
system, which are used to overcome indoor thermal discom-
fort during harsh season. They also stated four major strate-
gies for reducing peak demand such as: load reducing strate-
gies, high efficiency equipment, energy source substitution
and on site heat and electricity generation. Energy efficient
mechanism is a way to utilize the available energy properly
by ensuring that the supply of the energy meets the required
demand of the occupant. Ogedengbe et al. [4] conducted a
demand side monitoring of residential and commercial facili-
ties in the city of Ottawa and city of Guelph. An effective
engineering tool was generated as an independent forecasting
model for each energy stocks. They proposed an enhanced
energy system efficiency which is projected to lead to eco-
nomic and environmental saving advantages. Also, Etiosa [5]
carried out a study to identify low cost ways of reducing

energy consumption and gave two important ways to ap-
proach the efficient use of energy, which are the technologi-
cal approach and the behavioral approach. It was proposed
that renewable energy and energy efficiency are two compo-
nents which if integrated into the energy policy of Nigeria
for sustainable energy development and with energy effi-
ciency; the nation can save over 50 percent of the present
energy consumed.

In this study, we audit the feasibility of developing and
demonstrating a bio-digester system, by using food waste
from the operation of vendors at the 2001 Cafeteria complex,
conduct a comprehensive energy audit of the complex; and
estimate the loads for the management of the indoor air qual-
ity, electrical appliances and thermal comfort demand of the
building using an improved PMV model, while monitoring
and characterizing the food waste that will be fed into the
proposed bio-digester system.

2. DESCRIPTION OF THE ENERGY SYSTEM

In classical thermodynamics, domestic and non-domestic
facilities, like the 2001 Cafeteria complex in Fig. (1), are
considered as energy systems. The demand for energy in-
cludes lighting, ventilation and air-conditioning, and appli-
ances. Without energy storage, renewable power supply from
solar photovoltaic technology will depend on the national
grid for consistent power supply. Therefore, accurate energy
planning requires an analysis of the demand for power. An
energy system control volume comprises the external bound-
ary of a building envelope. Fig. (2) shows the schematic of a
bio-digester with various compartments for drying,
pyrolysis, and gasification of the food waste. The design and
integration of the bio-digester depend on an accurate analysis
of the demand for energy to maintain a smooth running of
the cafeteria complex. These activities include space cooling,
cooking, entertainment, and processing of goods and
services, depending on the nature of business of the vendors.
The boundary of this building envelope encloses a mass of
fluid, representing transport of heat and fluid transport with
significant energy conversion mechanisms. Assuming in-
compressible flows, these scalar transport variables can be
predicted based on the following three-dimensional form of
continuity, momentum, CO, concentration, and energy equa-
tions: [6]
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Fig. (3). Schematic showing the integration of a bio-digester system with the cafeteria complex.
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Fig. (4). Indoor RH, temperature, occupancy and CO, concentration for Husky Foods in the (a) morning; and (b) afternoon (The horizontal
axis depicts the days, while the primary vertical axis depicts the temperature in degrees Celsius, relative humidity in %, occupancy, PMV and
PPD; while the secondary vertical axis shows the CO, concentration in PPM).

The energy system has a volume whose boundary en-
closes the contained mass; within the system there is varia-
tion in the indoor air concentration and the temperature. The
density of the system is constant since it is assumed to be
incompressible. The source terms in Eqns. 2-4 represent the
various heat sources within the complex, including the heat
releases from cooking appliances and human activities.

Fig. (3) shows a schematic of the renewable supply of
bio-fuel for the bio-digester system. The heat of combustion
is also proposed to be supplied by a renewable source, i.e., a
photocatalytic reactor. However, a good estimation of the
quantity of available food waste is essential in order to
ascertain the effectiveness of the proposed renewable energy
system. The method of collection and processing of food
waste can be a significant design criteria. For instance, the
moisture content of the feedstock plays a vital role in the
design of the drying chamber configuration and all the heat
transfer components of the system [7]. The thermophysical
properties of the complex are shown in Table 1. There are
ten vendors providing various goods and services, providing
cybercafe, restaurant, retailing, processing of consumables
and the production of entertainment services within the
complex, namely Husky Foods, Unilag Water, Hommies
Bakery, Eatery Hall, Wisdom Cafe, Pinto Lounge, Oriental
Cuisine, PMG Supermarket, PMG Food, and PMG Cafe. As
observed in Figs. (4-12), the indoor air quality and thermal
comfort level of these various compartments differ.

3. PMV MODEL FOR THERMAL COMFORT
ANALYSIS

The Predicted Mean Vote model uses heat balance prin-
ciples to relate the six key factors for thermal comfort to the
average response of people on the thermal sensation scale.
Orosa [8] established that the thermal comfort rates of an
environment can be found based on the study of thermal bal-

ance of the human body. The comfort equation is obtained
by setting the heat balance in thermally comfortable condi-
tions for an individual. PMV is a well known example of a
thermal comfort performance indicator, developments are
found in higher resolution indicators, applying e.g. thermo-
physiological models [9, 10]. The ASHRAE thermal sensation
scale, which was developed for use in quantifying people’s
thermal sensation, is defined as shown in Table 2 [11, 12].

This scale presumes that people voting +2, +3, -2, or -3 on
the thermal sensational scale are dissatisfied and the simplifi-
cation that Predicted Percentage of Dissatisfied (PPD) is
symmetric around the neutral PMV. It is well known that envi-
ronmental factors influence human comfort in a building [13,
14]. The general comfort equation developed by Fanger [15]
to describe the conditions for which a large group of people
will feel thermal neutrality is too complex and often cannot be
used in real time applications [16]. The PMV index can be
determined when the metabolic rate and the clothing insula-
tion are estimated and the environmental parameters of air
temperature and relative humidity are measured. The PMV
can be calculated by the following relations [17]:

PMV =
(0.028 + 0.3033e 20 (3 — W) — 3.05[5.733 — 0.000699 (M — W) —
Pa] — 0.42[(M — W) — 58.15] — 0.0173M (5.867 — Pa) — 0.0014M (34 —

Ta) — 3.96 x 107°F,; [(T,; +273)% — (Tpye + 27304 = Fph (T — T} 7

Here,

T, = 35.7 — 0.028(M — W) — 0.15514{3.96 x 10~%F; [(T,; + 273)* — 1

(T +273)4]

—Foho (T — T2} (8)
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Table 1. Thermo-physical Properties of Building Envelope Elements.

Element Quantity Orientation Area [m?] Thickness [m] R-value [m? K/W]
Husky Foods
N 67.07 0.208
E 17.15 0.208
Wall 4 0.3
S 52.56 0.208
W 34.3 0.208
Ceiling 1 176.5 0.153
Door 1 N 1.49 0.347
1 E 34 0.009
4 W 149 0.347
Window 11 N 9.68 0.009
5 E 3.71 0.009
Unilag Water
N 29.4 0.208
E 59.7 0.208
Wall 4 0.3
S 26.4 0.208
w 59.7 0.208
Ceiling 1 195.02 0.153
Door 2 W 7.16 0.347
Window 20 E 10.91 0.009
N 29.4 0.208
E 59.7 0.208
Wall 4 0.3
S 26.4 0.208
W 59.7 0.208
Hommies Bakery
N 29.4 0.208
E 24.78 0.208
Wall 4 0.3
S 44.55 0.208
w 29.4 0.208
Ceiling 1 176.5 0.153
1 S 1.87 0.009
Window
5 E 2.73 0.009
Eatery Hall
Roof 1 571.11 0.008
E 89.55 0.208
Wall 3 S 103 0.3 0.208
w 89.55 0.208
Ceiling 1 45551 0.125
N 7.72 0.347
Door 3
w 18.05 0.009
Window 2
E 18.05 0.009
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Table 1. contd...

Element Quantity Orientation Area [m?] Thickness [m] R-value [m? K/W]
Wisdom Café

Roof 1 102.22 0.008
Wall 2 N 73.49 0.3 0.208
73.49 0.208
Ceiling 1 77.57 0.125
Door 1 E 4.47 0.347
Window 6 E 8.69 0.009

Pinto Lounge

Roof 1 102.22 0.008
Wall 2 N 77.04 0.3 0.208
77.04 0.208

Ceiling 1 81.32 0.125
Door 1 E 4.47 0.347
Window 6 E 8.69 0.009

Oriental Cuisine

Roof 1 102.22 0.008
Wall 2 N 77.18 0.3 0.208
77.18 0.208

Ceiling 1 81.46 0.125
Door 1 E 4.47 0.347
Window 6 E 8.69 0.009

PMG Supermarket

Roof 1 102.22
Wall 1 S 73.82 0.3 0.208
Ceiling 1 77.92 0.125
Door 1 N 3.73 0.019
Window 4 S 2.16 0.019
PMG Food
Roof 1 102.22
Wall 2 N 45 0.069
45 0.3 0.208
Ceiling 1 71.25 0.125
Door 2 E 3.83 0.009
1.76 0.347
PMG Café

Roof 1 102.22 0.008
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Table 1. contd...

Element Quantity Orientation Area [m?] Thickness [m] R-value [m? K/W]
Wall 2 77.04 0.3 0.208
77.04 0.208
Ceiling 1 76 0.125
Door 1 S 1.97 0.347
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Fig. (5). Indoor RH, temperature, occupancy and CO, concentration for Unilag Water in the (a) morning; and (b) afternoon. Other details are

as in Fig. (4).
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Fig. (6). Indoor RH, temperature, occupancy and CO, concentration for Hommies Bakery in the (a) morning; and (b) afternoon. Other details

are as in Fig. (4).



36 The Open Renewable Energy Journal, 2013, Volume 6 Ogedengbe et al.

120 700 120 600
100 — 600 100 500
2 2
G 80 - a 500 & 80 400
2 - 400 2
E 60 - E 60 - 300
> - 300 >
Y a0 A A ¥ a0 200
L PREIVH L
x x
20 — 100 20 100
0 0 0 0
0 5 10 15 0 5 10 15
Day Day
cY (b)
Fig. (7). Indoor RH, temperature, occupancy and CO, concentration for Eatery Hall in the (a) morning; and (b) afternoon. Other details are as
in Fig. (4).
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Fig. (8). Indoor RH, temperature, occupancy and CO, concentration for Wisdom Cafe in the (a) morning; and (b) afternoon. Other details are
as in Fig. (4).
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Fig. (9). Indoor RH, temperature, occupancy and CO, concentration for Pinto Lounge in the (a) morning; and (b) afternoon. Other details are

as in Fig. (4).
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Fig. (10). Indoor RH, temperature, occupancy and CO, concentration for Oriental Cuisine in the (a) morning; and (b) afternoon. Other details
are as in Fig. (4).
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Fig. (11). Indoor RH, temperature, occupancy and CO, concentration for PMG Supermarket in the (a) morning; and (b) afternoon. Other
details are as in Fig. (4).
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Fig. (12). Indoor RH, temperature, occupancy and CO, concentration for PMG Food in the (a) morning; and (b) afternoon. Other details are
as in Fig. (4).
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Table 2. PMV Index (Thermal Sensation Scale)
+3 +2 +1 0 -1 -2 -3
Hot Warm Slightly warm Neutral Slightly cool Cool Cold
Table 3. Regression Coefficients of the Cafetaria’s Energy Stocks
Energy Stocks Sensitivity Coefficients
i ao ag az as
Husky 67.53 119.23 0.00044 -1.63 -0.000014 -0.0034 -0.0036 0.21
Unilag water 11.08 0.27 0.0049 2.32 0.00032 0.0012 6.61 -1.39
Homes bakery 32.28 0.19 0.011 1.9 0.001 0.025 6.49 -0.396
Eatery hall 60.81 58.91 0.00019 0.14 -0.000011 0.0185 0.065 -0.18
Wisdom cafe 64.66 48.22 0.00013 0.61 -0.000002 -0.0058 -0.108 -0.0435
Pintos lounge 62.12 -0.70 -0.0004 1.97 0.0000036 -0.00043 -0.113 -0.12
Oriental cuisine 64.68 78.36 0.00015 -0.727 -0000037 0.02 -0.16 0.417
PMG super 66.15 43.77 0.00008 0.56 0.0000067 0.0068 -0.93 -0.68
PMG food 61.99 21.05 0.00017 1.15 0.0000106 0.00699 0.1056 0.186
PMG cafe 56.33 43.83 -0.0003 0.516 0.0000065 -0.00715 0.506 0.684
= (2.38(T,; — T,) " for 2.38(T,; — T,)%*° = 12.1/7, )
< 121V, for 2.38(T,; — T,)** <12.17, 4. RESULTS AND DISCUSSION
1.00 + 1.290 x I; for I; < 0.078m**CW~* Proposing a three-predictor-variable regression analysis,
Fa= {1.05 +0.645 x I; for I; = 0.078m2CW~* (10) including the indoor concentration of CO,, occupancy, and
indoor temperature, the thermal comfort of the energy stocks
V., = V. + 0.005(M/Apy — 58.15) (11) can be captured, using the relative humidity data; while a
one-predictor model, based on the number of electrical
Pa = RH x 10 x o *66536 =05 r a0 (12) appliances is used for the forecast of electrical power

The equation for predicted percentage dissatisfied (PPD)
is given as follows [11]:

PPD =100 — 95exp (—0.03353PMV* +0.2179PMV?)

(13)

A PPD less than 20% is good since it is considered to sat-
isfy 80% of the occupants. However, due to the dynamic
response of the environment to changes in occupancy,
dynamic model that is capable of smart response to the
environment is proposed in this study. The improved PMV
uses several predictor variables for smart response, including
the CO, concentration, the occupancy of the energy stock in
addition to other variables for determining the PMV of the
energy stock, as follows:

PMV =
(0.028 + 0.3033¢~2%¥){(M — W) — 3.05 [5.733 — 0.000699 (M — W) —

g (16.6526 —4030.183

((ap + ayXy; + ap Xy + @z X)) X 10 X @

0.42[(M — W) — 58.15] — 0.0173M (5.867 - (_(a0 +a Xy +apky +

(16.6526-4030.183

a:Xa;)x10x e ‘-’=*=35“)) —0.0014M (34 — Ta) — 3.96 x

1075F, [(T + 273)% = (Te + 273)%] = B b (T = To0} (14)

Note that X; = T, = air temperature.

consumption. The forecast of electricity consumption and
thermal comfort for the cafeteria complex represents a
significant planning tool for the proposed independent power
generation in order to mitigate the problem of erratic power
supply from the grid. The generalized polynomial regression
analysis suggests that either the relative humidity or
electrical power consumption is the criterion variable,  for
each of the energy stocks. Using the thermo-physical
properties of the energy stock (as shown in Fig. 1), the
facility characterisation is geared towards the forecast of
energy energy consumption.

Figs. (4 to 12) show the CO, concentration of the energy
stock on the secondary vertical axis, while the other data are
plotted on the primary vertical axis. These figures show that
the CO, concentration increases as the occupancy of the
energy stock rises. However, as the indoor temperature of the
energy stock increases, the relative humidity of the energy
stock decreases. PPD appears significantly affected by the
number of occupants within the energy stocks. However,
significant level of dissatisfaction is observed in Husky
Food, compared with other energy stocks during the period
of the investigation. The following equation predicts the
relative humidity, r#;, for all the energy stocks within the
complex, including Husky foods, Unilag water, Hommies
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Fig. (13). Estimated Volume of Daily Methane Production in m®.

bakery, Eatery hall, Wisdom cafe, Pinto lounge, Oriental
cuisine and PMG:

Qi=ap +X%, a; Xy i=123,..n (15)

where » represents total number of energy stocks, x;; de-
notes the predictor variables, and the regression coefficients
are denoted by a;. For instance in the case of thermal
comfort analysis, the following are the predictor variables: X,
is the indoor temperature, X, is the CO, concentration and X;
is the occupancy of the energy stock, and the criterion vari-

able is the relative humidity of the energy stock.

Table 3 shows the results of the regression coefficients
based on Eqn. (15). These coefficients are related to the
sensitivity coefficients established in the PMV models of
previous investigators [18, 19]. Like other adaptive models
[20, 21], the subjectivity of the thermal correlations of the
proposed model and the interpretations flowing from a
complex interaction between the occupants of the 2001
university cafetaria provides the theoretical underpinning to
the approach of the thermal comfort studies.

Mansour [22] estimated that 10 kg of kitchen waste pro-
duces 1.5m* of biogas, which consists of 1m® of methane.
Fig. (13) depicts the estimated volume of daily methane
production from the 2001 University Cafeteria, based on the
same model. This implies that 319.77 kg of the food waste
daily will produce 31.97 m? of methane daily from Monday
to Saturday, while on Sunday 150.48 kg of food waste will
produce 15.48 m® of methane, resulting in an estimated
monthly methane production of 200 m®.

5. CONCLUSIONS

Analyses are presented of the energy demand in Nigeria’s
emerging electricity market and the potential is described of
not using fossil fuels, but rather using renewable energy
sources of high potential. A multivariate energy consumption
model is proposed as a significant criteria for the design of
subsystems, including a bio-digester, a waste food collector
and a mixer, a bio-reactor, and a hydrogen storage system.
The proposed biogester will produce an estimated 200 m® of
methane gas monthly from food waste collected from a
cafetaria at the University of Lagos, which is assessed. All
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the energy stock has PMV index greater than 2, which indi-
cates dissatisfaction regarding human comfort. With
adequate monitoring of the characteristics of each energy
stock, through the analysis of the regression variables,
demand monitoring of the energy needs and thermal comfort
of all clients is possible. A calibration of the client’s energy
demand with the coefficients of the regression analysis is
possible and, together with the use of the estimated quantity
of methane to overcome the thermal dissatisfaction of the
occupants in the complex, the demand of energy from the
national grid will be reduced significantly.
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