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a b s t r a c t 

Given the high demand for low-cost housing by the low-income earners, coupled with the tropical climate expe- 

rienced in sub-Saharan Africa, new-built housing stock needs utmost attention to cost, durability, and efficiency. 

With the walls accounting for a substantial proportion of the total building cost, choice of a wall system for 

use in building construction is critical. This choice usually depends on how durable, comfortable, ecological, 

and economical a given system is, to meet both the quality standards and low-cost aspects of housing. Although 

the earthbag building system allows for the construction of strong, affordable, and sustainable housing, it is not 

widely known. As such, its sustainable characteristics have gone unrecognised throughout the building industry. 

This paper examines and compares the thermal properties and total Life Cycle Costs (LCC) of earthbag walls 

with the commonly used burnt brick walls - based on the Degree-Days method and Life Cycle Costing analyses 

of building walls located in one of the hottest regions in Uganda. In-situ measurements of temperature and heat 

flux were conducted in accordance with ISO 9869 and the annual energy requirements obtained. The total LCC 

were calculated based on the initial construction costs and annual energy costs attributed to the building wall 

systems. Earthbags housing was found to be thermal-physically better than the brick wall with a lower U-value 

resulting in lower annual energy requirements and a huge saving in annual energy costs of up to 83.2%. This 

saving, coupled with low initial construction costs made the earthbag unit 68.7% cheaper than the burnt brick 

unit over a 30-year period. Therefore, this study findings suggest earthbag walling system as an economically 

viable and technically feasible low-cost construction option for rural areas and low-incomers earners’ housing in 

warm climatic conditions, a characteristic of sub-Saharan countries – so as to promote regional development. 
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. Introduction 

According to the last census of 2014 [1] , Uganda’s population of 38

illion, growing at a rate of 3.4% per year, is projected to increase to

.3% by 2030. Over 60% of the urban population alone is reported to be

iving in informal settlements characterised by poor quality housing and

ygiene conditions, and high residential densities [ 2 , 3 ]. More than 70%

f the housing units in these slums are built using temporary building

aterials that cannot maintain the units’ stability for more than three

ears [4] . Similarly, the rural parts of Uganda especially the war-torn ar-

as in the north, are characterised by scattered structures of low quality

o match the low-income levels of the people. 

By 2013, around 38% of the Ugandan population was reported to live

elow the international poverty line of $1.25 a day [5] . With the stan-
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ncome [ 6 , 7 ], the concept of affordability of quality housing seems far-

etched, especially among the rural population; about 21% of the coun-

ry’s population, who live below the poverty line [8] . Since no economic

r technical assistance is extended to them by the state, they end up

recting rudimentary shelters utilising traditional, unsophisticated tech-

iques and readily available materials [9] . Thus, low-cost techniques of

ousing that, not only reduce the initial costs of construction but also

ave on the later costs such as operational, maintenance, demolition,

nd environmental costs while providing comfort to the occupants need

o be adopted. 

In many cases, particularly in rural areas where the poor reside, eco-
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lay, bamboo, adobe bricks, pumice, earthbags, stone, and timber, of-

ers many benefits. Selecting the right building material is vital espe-

ially in the hot and dry climatic regions where thermal comfort is key

ut hard to achieve. In such areas, earthbags which are locally available

nd climatically suitable would be more appropriate for wall construc-

ion compared to the widely used burnt bricks. With walls accounting

or more than 15% of the total cost of the building [10] , the viability

f different wall systems is usually gauged by among other functions,

heir ability to resist heat transfer to minimise potential heat loss or

ains and provide comfort to building occupants, their fitness in the

atural environment and most importantly fitness in the incomes of the

uilding owners. These characteristics greatly influence how comfort-

ble, durable, economical, and ecological any given system will be in

rder to meet both the quality and low-cost aspects of housing [10] . 

Although burnt bricks are considered a durable material and hence

idely used in building construction in Uganda [ 4 , 8 ], they are envi-

onmentally harmful due to their high embodied energy and large car-

on footprint resulting in both air and land pollution [11] . Since bricks

re fuelled by timber during production there is continued emission of

reenhouse gasses throughout the process, which when combined with

eforestation, exacerbates the existing problem of global warming. In

ddition, the excess use of clay results in the loss of fertile soil and the di-

ersion of agricultural land thus leading to land degradation. Given the

act that earthbag walling is much similar to brick walling, the earthbags

ould be used as a low-cost substitute to burnt bricks for the provision

f affordable housing in Uganda. 

Earthbag construction is an inexpensive method to create structures

hat can be traced back almost 250 years to the Napoleonic Wars, where

he troops used sandbags as flood control and military bunkers [ 12 , 13 ].

he technique uses locally available soil in combination with woven

olyethylene or polypropylene bags, which are filled and stacked to

orm a building [14] . Layers of rock are used in the foundation and

alls gradually built up by laying the bags in courses, forming a stag-

ered pattern similar to bricklaying. The bags can either be single units

f size 75 cm long x 42.5 cm wide when empty forming 50 × 37.5 × 12.5

m thick bags weighing 40-45 kg when filled or size 90 cm long x 55 cm

ide forming a 60 × 47.5 × 15 cm thick bag weighing 80-90 kg when

lled, or they can be continuous units 1829 m long weighing between

81-272 kg when filled [15] . Soil in a mix ratio of 25-30% stable clay

o 70-75% well-graded sand and gravel of up to 2.5 cm in size, with an

verage moisture content of 10-12% depending on the type of soil, is

ecommended for use as fill material in the bags[12,14,16]. 

The use of earthbag structures has been explored in a number of

ituations, where their unique set of attributes give them the poten-

ial to provide an efficient and fitting solution. Earthbags have been

sed to build emergency shelters in disaster situations, due to the

vailability of constituent materials, short construction times, and lim-

ted requirement for skilled labour, which is always in short supply

t such times [ 15 , 17 ]. Several studies have been conducted to inves-

igate the structural behaviour, pros, and cons of earthbags in build-

ng construction [ 12 , 13 , 15 , 17 , 18 , 19 , 20 , 21 ]. Most of the advocates of

hese structures cite the sustainable characteristics of the building

ethod including climatic control, good physical properties, low con-

truction costs, low-tech nature, stability, strength, and extremely low

mbodied energy compared to most other traditional building methods

 13 , 16 , 17 , 18 , 22 , 23 , 24 ]. According to [18] and [19] , the compressive

trength of the earthbags is limited by the rupture of the bag material,

hich can be attributed to the loss of fill material due to tear, rainwater

amage and/or erosion [ 20 , 25 ]. Thus, the use of soil rather than courser

rained material as fill material, and the protection of the bags through

he application of a finishing coat using raw earth, lime plasters, stone,

nd other tile finishes, is recommended [ 20 , 25 ]. 

However, despite the outstanding benefits earthbag construction has

o offer, to the authors’ knowledge, no study has been conducted to as-

ess the thermal properties and Life Cycle Costs (LCC) associated with

hese wall systems in particular, especially with regard to their ini-
14 
ial construction costs and operating energy costs. The limited body of

nowledge about these structures makes interested individuals sceptical

bout the use of earthbags as a viable building material. Therefore, if the

pplication of the earthbag system is to be developed as an alternative

olution to the housing problem, then viability assessment of earthbag

tructures must be done to give people the confidence to construct with

arthbags. 

.1. Low-cost housing 

Low-cost housing generally relates to the affordability of households

o satisfy their need for shelter. However, what is affordable to one

erson may not be affordable to another and as such, a clear defini-

ion of affordability/low-cost housing may be difficult to pin down. In

n attempt to take an objective approach to understand affordability,

arious metrics have been utilised to assess affordability, including in-

ome [ 6 , 26 ], accessibility, amenity, and adequacy [27] . Acolin & Green

28] argued that combining housing costs, transportation costs, and in-

luding opportunity cost associated with commuting time, all go a long

ay in providing a better understanding of housing affordability. Based

n incomes and within the context of this research, O’Dell et al [6] de-

ned housing affordability as where households should pay no more

han 30% of their income for housing, including utilities. Thus, a low-

ost house can generally be defined as one where the household is able to

ttain and maintain it to satisfy their need for shelter using no more than

0% of their income [ 6 , 7 ]. Indeed, the US Department of Housing and

rban Development [7] argued that families that pay more, especially

ower-income families, are considered cost-burdened because they may

ave difficulty paying for other needs including food, clothing, medical

are, education, and transportation. 

The household income levels in Uganda differ from one location to

nother, as reflected in the findings reported by Artuso [290], which

howed an average annual income of US$ 3,090 in central Uganda (Kam-

ala) and a projected average annual income of US$ 1,474 for the north-

rn regions of the country. Similarly, the findings of the Uganda National

ousehold survey of 2012/2013, [1] reported the average monthly nom-

nal income of a household in Kampala to be US$ 278.62, and the na-

ional average monthly income to be US$ 133.50, translating into US$

,602 annually. Therefore, with such a low average annual household

ncome and with the majority at or below the official poverty level, re-

earch on low-cost techniques of housing that fit within the incomes of

he households is necessary. 

.2. Building thermal properties 

The thermal properties of a building envelope are fundamental for

he correct design of energy-efficient buildings so as to achieve the ther-

al comfort of the occupants and reduce heat loss or gains due to con-

uction, radiation, and convection [30] . This performance also trans-

ates into and directly influences the amount of energy consumed by

he building. In tropical zones, the thermal load is mainly caused by so-

ar radiation received from the sun by the building exterior walls, which

artially continues through the wall by conduction to the inside of the

all, causing the indoor temperature to exceed the thermal comfort tem-

erature of a building [31] . Several parameters affecting the building

nnual energy consumption have been cited by many researchers in-

luding the heating degree days, family members, heat loss coefficient,

uilding age, gross floor area, cooling degree days and the degree of ven-

ilation [ 31 , 32 ]. With reference to the walls, a number of factors such

s the materials, types, and thicknesses of the wall systems, and pres-

nce of insulating materials, contribute to the amount of energy lost and

ence energy required for heating or cooling a building [33] . Therefore,

ppropriate construction techniques and materials selection, especially

or walling, is vital to reduce heat transfer through conduction, as the

ate of transfer depends on the thermal conductivity of the wall, which

s the focus of the current study. 
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Fig. 1. Pictorial view of the brick unit 

Fig. 2. Pictorial view of the earthbag unit 
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Several studies have been conducted to determine the thermal

erformance and building energy requirements in different countries

 30 , 31 , 32 , 33 , 34 , 35 ]. While Nardi et al. [34] compared the Infra-Red

hermography (IRT) and Heat Flow Meter (HFM) methods of evaluat-

ng the thermal transmittance of walls in existing buildings, Asdrubali

t.al. [30] compared the calculated and measured U-values of walls with

otal thicknesses ranging from 370 – 500 mm., obtaining calculated U-

alues ranging from 0.23 - 0.33 W/m 

2 K and in-situ measured values

anging from 0.22 – 0.56 W/m 

2 K. Both researchers [30] and [34] at-

ributed the variability in results to the climatic conditions during the

onitoring and the method used for data processing. 

.3. Life cycle costing 

Life cycle costing, with regards to housing, is a technique used to esti-

ate the total cost of ownership of housing [36] . Typically, it discounts

ll building-related costs and revenues that occur at different times to

 single figure known as Net Present Value (NPV) - allowing cost com-

arison among different design alternatives [37] . The application of life

ycle costing for comparison of building wall materials usually stems

rom the argument of choice of material to use, based on cost. 

Several attempts have been made to calculate and compare LCC of

ifferent walling materials [ 10 , 33 , 38 , 39 , 40 , 41 , 42 , 43 ] . Most of the stud-

es however have been conducted in temperate climate countries with

ust a few done in tropical climatic conditions where the walling mate-

ial is important in achieving thermal comfort and reducing the LCC as

ell. In addition, most of these studies are based on general industrial

alling materials such as clay bricks, timber, and gypsum. Only a few

tudies, such as [38] , focused on affordable housing walling materials

uch as mud bricks, wattle, and daub, with none on earthbags. 

Thus, generally, considerable work has been done by researchers on

hermal properties and energy requirements of buildings, as well as LCC

n terms of initial and annual energy costs of different wall materials.

owever, limited research has been conducted to look into the LCC of

arthbag buildings especially with regard to their initial construction

osts and operating energy costs. Therefore, in light of the low-income

evels in sub-Saharan Africa and the necessity for low-cost housing, care-

ul study and understanding of the earthbag building system is essential

or the development of low-cost alternatives and interventions that may

ead to the improvement of living conditions of low-income earners. This

tudy thus sought to: 

a) examine the thermal properties of the earthbag and burnt brick wall

systems, 

b) compare their LCC, and 

c) determine the feasibility of earthbag construction in the provision of

low-cost housing in the Ugandan context. 

. Materials and methods 

This study took on a case study design with an experimental ap-

roach involving in-situ measurement of thermal transmittance of ex-

sting building walls, with the goal of comparing the thermal properties

nd total LCC of the brick and earthbag building wall systems. The ther-

al performance of the building walls was gauged by their thermal effi-

iency, given by the thermal transmittance value (U-value). The U-value

as obtained through in-situ heat flux measurements conducted in ac-

ordance with ISO (9869) [44] . The LCC of the building walls on the

ther hand comprised of the initial cost of construction of the walls and

he operating energy costs attributed to the wall systems per square me-

er of walling. The initial costs of construction were based on unit price

nalysis of the walls using built-up rates relating to only the civil build-

ng works, measured in accordance with the “Principles of Measurement

nternational ” [45] . The operating energy costs, on the other hand, were

etermined using the degree-days method, based on the annual energy

equirements and costs. Reference was made to similar work done by
15 
ombayc ı & Ozturk [35] . Finally, the total LCC were used in compar-

son with the national average income of the people to determine the

easibility of earthbag buildings in the provision of low-cost housing in

ganda. 

The target population comprised of mud-brick and earthbag units

ocated in a homestead that applied both earthbag and mud-brick con-

truction in Kitgum, a district located in the Northern region of Uganda,

hich is one of the hottest regions in the country as highlighted by UBOS

8] . The homestead, which was located in Alango East region, approx-

mately five (5) kilometers from Kitgum centre, comprised of twelve

leeping units, four kitchens, and four toilet units, with half of the units

onstructed using mud-bricks and the other half with earthbags, be-

ween the years 2011 and 2014. Since the study was mainly focusing

n the wall systems, two units were purposively selected for use in the

tudy, (1 mud-brick unit and 1 earthbag unit). The units, which were

pproximately ten meters (10 m) apart, had the same building char-

cteristics in terms of shape, finishes, and roofing materials, and were

oth used as sleeping units; which enabled a fair comparison of the wall

hermal properties and LCC. 

.1. Description of study elements 

Both the brick and earthbag buildings, depicted in Fig. 1 and Fig. 2 ,

ere round grass thatched huts of approximately 12 sqm and 37 sqm

espectively, with only exterior walls and a studio setting housing the

leeping and living areas. The buildings were oriented to face the north-

astern direction, with obstruction from direct sunlight. The key build-

ng wall specifications that formed the basis for costing and LCC analysis

f both the brick and earthbag walls are summarised in Table 1 . 

The brick unit was made of mud brick walls 152.5 mm thick x1.8

 high with a self-weight of approx. 551kg/m, finished with cement-
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Table 1 

Key specifications of the wall systems considered 

Building Type Exterior Wall Components and Unit Dimensions Wall Finishes Overall Wall thickness 

Materials Length Width Height Materials Thickness 

Brick Mud Bricks & clay mortar 215mm 102.5mm 65mm Cement Lime Sand Plaster 25mm @ 152.5 mm 

Earthbag Earthbags 600mm 400mm 150mm Mud & Cement Lime Sand Plaster 50mm & 15mm 530 mm 

Fig. 3. A section through the brick wall 

Fig. 4. A section through the earthbag wall 
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ime-sand plaster of approximately 25mm thick on both the interior

nd exterior faces of the wall. Meanwhile, the earthbag unit consisted

f earthbag walls 530 mm thick x 2.1m high, with a self-weight of ap-

rox. 2,226kg/m, finished with one coat of mud, 50mm thick and an-

ther of cement-lime-sand plaster 15mm thick on both faces as shown

n Table 1 and section details in Fig. 3 and Fig. 4 below 

.2. The building wall thermal transmittances (U-Values) 

To determine the thermal transmittance of the buildings, in-situ U-

alue measurements of heat flux and wall temperatures were done using

he heat flux meter method, in accordance with ISO 9869 standards. The

ollowing equipment was used for the in-situ measurements of heat flux

nd temperature: 

1 Omega DP41-E Process indicator, 

2 Omega HFS -4 thin flux sensor, 

3 Omega Type K thermocouples, 

4 A Smart Reader Plus Data-logger, 

5 A Computer installed with ACR trend Reader software, and, 

6 Cello-tape 

7 A mobile power inverter, and, 
8 A car battery for power. h  

16 
A single set-up consisted of four (4) thermocouples, a Smart Reader

lus data logger, one (1) heat flux sensor, an Omega DP41-E Process

ndicator, one (1) computer, an extension, an inverter, and a car battery

or power as shown in Fig. 5 . 

Four (4) type K thermocouples and one (1) Omega HFS-4 heat flux

ensor were fixed onto the interior and exterior surfaces of the building

xterior walls using cello-tape, ensuring direct contact with the walls.

he thermocouples were connected to a Smart Reader-Plus data logger,

hich was also connected to a Toshiba Satellite S55-B5280 laptop in-

talled with ACR TrendReader® software, powered and ready to record

he temperature readings. The heat flux sensor, on the other hand, was

onnected to an Omega DP41-E Process indicator (Omega Engineering

PD36, Delaware, NJ, USA), used to monitor the heat flux readings from

he walls. Both the laptop and process indicators were connected to a

-way extension cable connected to a mobile power inverter, which was

lso connected to a car battery for power. The inverter was used to con-

ert power from the battery (approximately 12V) to AC current for use

y the laptop and process indicator. The power battery was charged

aily from 7:00 am to 6:00 pm, using a solar panel placed on the roof

o draw solar energy directly from the scorching sun during the day. 

.2.1. Heat flux and temperature readings 

Based on the experimental setup in Fig. 5 , the heat flux and tem-

erature readings were recorded over a period of more than 72 hours.

he maximum and minimum heat flux readings for both the brick and

arthbag building walls were also recorded over the same period by the

rocess indicator in 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 . For purposes of U-value computations,

he average heat flux readings were determined and converted to SI

nits ( 𝑊 ∕ 𝑚 

2 ) using a conversion factor of 1 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 = 3 . 15459 𝑊 ∕ 𝑚 

2 .

he temperature readings were determined and analysed using ACR

rendReader® software. This included readings for the maximum, min-

mum, average, range, and standard deviation of both the interior and

xterior temperatures recorded from thermocouples 1, 2, 5, and 7 over

 period of more than 72 hours. An average temperature in Celsius de-

rees (°C) from thermocouples 1or 2 was used as the average interior

emperature, while that from thermocouples 5 or 7, used as the aver-

ge exterior temperature of the building wall alternatives depending on

he volatility of the results recorded from the different thermal couples;

ith the less volatile readings being more reliable and better for use in

he study. 

.2.2. Computation of U-value 

Heat transfer into and out of the building involves the process of radi-

tion, conduction, and convection, therefore, an overall heat transfer co-

fficient of the wall U T had to be obtained from the Equation (1) [ 30 , 46 ].

 𝑇 = 

𝐼 

𝑅 𝑖 + 𝑅 𝑤 + 𝑅 𝑜 

(1) 

here R i and R o are the interior and exterior air film thermal resistances

espectively, and R w is the composite wall thermal resistance. The values

f R i = 0.13 W/m 

2 K and R o = 0.04 m 

2 K/W were used in the study

46] . R w on the other hand, was calculated as the inverse of the wall

ransmittance values U w, which were obtained by dividing the average

eat flux readings by the average differences in temperature between

he exterior and interior walls given by Equation (2) . This is based on

he steady-state condition which assumes that the average values of the

eat flowing through the walls over 72 hours gave an estimate of the
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Fig. 5. A schematic showing the equipment 

used and connections for the experiment 
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teady-state conditions as per [ 47 , 48 ]. 

 𝑊 

= 

𝑄 

ΔT 
, 𝑊 ∕ 

(
𝑚 

2 𝐾 

)
(2)

 𝑤 = 

1 
𝑈 𝑊 

(3)

.2.3. The annual energy requirement 

The annual energy requirements and hence costs were calculated

ased on the U-value computed from Equation (1) above, the annual

ooling Degree Days (CDD), and the efficiency of fuel. 

.2.4. Cooling degree days (CDD) 

The CDD help to capture both extremity and duration of outdoor

emperatures since they are essentially the summation of tempera-

ure differences over time [49] . In the study, the Celsius-based cool-

ng degree days of Kitgum were estimated using BizEE online software,

 www.degreedays.net ), a tool for generating heating and cooling degree

ays using temperature data obtained from locations worldwide [50] .

ue to lack of complete data from Ugandan weather stations, 5-year

2016-2020) average CDD were obtained from Kitale weather station

n Kenya, located 34.96E, 0.97N, with a base temperature of 24°C as

he ambient indoor temperature for residential buildings in the Uganda

51] . Given the fact that Kitale is on a higher altitude of 1,900 m a.s.l

ompared to Kitgum with 950 m a.s.l., and that altitude greatly affects

he CDD, with locations on higher altitude having lower CDDs com-

ared to those on low altitudes [52] , a factor of 1.2453 was applied to
17 
he CDDs obtained for Kitale to obtain those for Kitgum. The factor was

ased on the average temperatures for Kitale and Kitgum over a 5-year

eriod from 2016 to 2020 of 21.2°C and 26.4°C respectively. The results

n Celsius hours (°C H), were then converted into Kelvin hours (K H) and

sed as the average annual CDD for Kitgum in the study. 

.2.5. Efficiency and cost of fuel 

Electricity was chosen for the study as it is the most domestically

sed type of fuel in Uganda as reported by [8] , with a system efficiency

 𝜂) of 99% [46] . The cost of fuel, on the other hand, was based on the an-

ual average weighted domestic tariff set by the Electricity Regulatory

uthority over a period of five (5) years from the year 2016 to 2020,

eported by [8] in UGX/ kWh. 

.2.6. Building annual energy requirements 

Using the calculated U-values, U T and the CDD, the heat losses in a

nit area of the wall and hence the Annual energy requirements ( 𝐸𝐴 ) for

ach building unit was calculated by dividing the heat losses by the sys-

em efficiency ( 𝜂) as shown in Equation (4) below adopted from Dom-

ayc ı & Ozturk [35] . 

𝐴 = 

24 
1000 

. 
𝑈 

𝜂
. 𝐶𝐷 𝐷 𝑦 (4)

.3. Life cycle cost analysis of the building wall systems 

The LCC of each building wall alternative was calculated using a

esign life of 30 years. This involved discounting both the initial and

http://www.degreedays.net
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Table 2 

Options considered under initial cost estimation of the earthbag wall 

Option Condition 

I Cost estimates include labour and material costs (soil and labour are not available on-site) 

II Cost estimates exclude labour and materials costs (soil and labour are readily available on-site and a do-it-yourself kind of construction 
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C  
nnual energy costs using a discount rate determined by adjusting the

verage interest rate for inflation. The average interest and inflation

ates were based on the general interest (lending rate) and inflation rate

rends for the last five years obtained from the Bank of Uganda (BOU)

ebsite [53] . 

.3.1. Initial construction costs 

The initial costs of construction were obtained by using cost anal-

ses prepared for uniform walls of a mean girth of 10m x 1m above

round floor level, for both the brick and earthbag units. These were

ased on critical analysis of individual wall specifications to determine

he civil works involved and material and labour prices published by

NABCEC [54] . The estimated quantities coupled with built-up rates

or the individual items of work were used in the estimation of the ini-

ial construction costs of the building walls. The elemental costs for each

all system were then apportioned on a meter squared gross wall area

asis. 

For purposes of cost estimation, two options/scenarios were con-

idered during cost build-up for the earthbag units as summarised in

able 2 . 

.3.2. Annual energy costs 

The Annual Energy costs, E (UGX/m 

2 ) were calculated using the

nnual Energy requirements ( 𝐸𝐴 ) from Equation (5) above, the cost of

uel, 𝐶𝑓 (UGX/ kWh) and the conversion factor, 𝐻𝑢 (Btu/kWh ) [ 46 , 55 ]

iven by Equation (3) . 

 = 𝐸𝐴 × 𝐶𝑓∕ 𝐻𝑢 (5)

.3.3. Net Present Values (NPV) 

For comparison and uniformity purposes based on Ashworth [56] ,

he annual Energy costs obtained required further processing to bring

hem to a single figure representing the total LCC of the building wall

ystems over a period of 30 years, using the present value of annuity

actor given by Equation (6) and a discount rate, r determined by ad-

usting the average interest rate, i for inflation, f, based on a five-year

rend given by Equation (7) . 

 = 𝐴 

[ 
( 1 + 𝑟 ) 𝑛 − 1 
𝑟 ( 1 + 𝑟 ) 𝑛 

] 
(6)

here n is the design period – 30 years, and r is the discount rate. 

 = 

( 𝑖 − 𝑓 ) 
1 + 𝑓 

(7)

.3.4. Life cycle costs (LCC) of the building wall alternatives 

The LCC of the two building wall systems were then determined by

dding the initial construction costs (C) to the present value of the an-

ual energy costs (E), to obtain the total LCC of the walls (UGX), given

y Equation (8) . 

 𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 = 𝐶 + 𝐸 (8)

With the assumption that the walls make up approximately 15% of

he total initial construction cost of a house (ignoring other factors such

s form and shape), [10] , and with the annual energy costs calculated

ased on a square meter of walling, the initial costs of instruction to-

ether with the operating costs of the walls, were transformed to depict

he total building LCC (per square meter of floor area). This cost per

quare meter was then compared to the national average income level

o qualify the building alternatives within the low-cost bracket of hous-

ng. 
18 
. Results 

.1. Thermal performance data 

.1.1. Temperature 

Temperature measurements from the two building walls were con-

ucted in accordance with ISO 9869 [44] . Fig. 6 presents the interior

nd exterior wall temperature variations of the brick unit while Fig. 7

resents that of the earthbag building wall recorded from thermocouples

, 2 5 and 7, with a time lag of 5 days apart 

From Fig. 6 , thermocouples 1and 7 are noted to have taken a few ex-

reme temperatures readings like 1,89°C, while thermal couples 2 and

 are noted to have more stable readings taken from 7 th to 10 th June

017. Thus, for both building cases, readings from thermocouple 2 and

 were used to represent the interior and exterior temperatures respec-

ively. The highest and lowest interior temperatures recorded from the

rick unit as shown in Fig. 6 were 28.22 °C and 23.89°C, while the high-

st and lowest exterior temperatures were 30.59 °C and 20.22 °C; re-

ulting in average interior and exterior temperatures of 25.82 °C and

6.56 °C respectively. The earthbag unit on the other hand as shown in

ig. 7 registered the highest and lowest interior temperatures of 28.64

C and 23.05 °C, and the highest and lowest exterior temperatures of

1.75 °C and 15.29 °C recorded from 15 th to 18 th June 2017. The

ean values for the interior and exterior temperatures were 26.73 °C

nd 27.28 °C respectively. Therefore, the brick wall generally registered

ower interior and exterior temperatures than the earthbag wall, but

ith a temperature difference between the interior and exterior walls

eing 25% higher than the earthbag unit with 0.74 °C/K and 0.55 °C/K

espectively. 

.1.2. Heat flux readings 

The average heat flux readings recorded from a heat flux sensor fixed

n the exterior surfaces of the building walls, ensuring none exposure

o direct radiation from the sun and in accordance with ISO 9869 [44] .

ver the 72 hour period of measurement, the brick wall registered a

aximum of 0.1 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 and a minimum of -0.06 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 giving an

verage of 0.08 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 , while the earthbag wall registered a maxi-

um of 0.02 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 , minimum of 0.00 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 and an average of

.01 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 . For purposes of U-value computations, the average heat

ux readings were converted to SI units ( 𝑊 ∕ 𝑚 

2 ) using a conversion fac-

or of 1 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 = 3 . 15459 𝑊 ∕ 𝑚 

2 . The averages of 0.08 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 and

.01 𝐵𝑡𝑢 ∕ ℎ.𝑓 𝑡 2 resulted into 0.25 𝑊 ∕ 𝑚 

2 and 0.03 𝑊 ∕ 𝑚 

2 for the brick wall

nd the earthbag wall, respectively. 

.1.3. Thermal transmittance/U-value 

Using the mean values of both temperature and heat flux obtained

nd the total resistance of the walls, the total heat transfer coefficients,

 Total, of the respective building walls was calculated in 𝑊 ∕( 𝑚 

2 𝐾 ) as

hown in Table 3 . 

As shown in Table 3 , based on heat transfer coefficients of the build-

ng walls and the coefficients of both the inside and outside environ-

ent, the U-value of the brick wall was calculated as 0.32 𝑊 ∕( 𝑚 

2 𝐾 ) ,
hile that of the earthbag wall was 0.06 𝑊 ∕( 𝑚 

2 𝐾 ) . Thus, the brick wall

ad a higher calculated U-value compared to the earthbag wall. 

.1.4. Building annual energy requirements and costs 

Using the degree-days method, the U-values, combined with the

DD, system efficiency, and a conversion factor of 3,414 Btu/kWh
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Fig. 6. Temperature variations for the 

Brick building wall. 

Fig. 7. Temperature variations for the earthbag building wall. 

Table 3 

Mean temperature and Heat flux readings of the building walls 

Building Type Heat flux ∆T U W R W R Total U Total 

(W/m 

2 ) K W/(m2K) (m2K/W) (m2K/W) W/(m 

2 K) 

Brick 0.25 0.74 0.34 2.93 3.10 0.32 

Earthbag 0.03 0.55 0.06 17.43 17.60 0.06 

Where Δ𝑇 = Temperature Difference and 𝑅 Total = 𝑅 𝑖 + 𝑅 𝑊 + 𝑅 𝑜 . 

Table 4 

Building annual energy requirements and costs 

Information Used 

System efficiency: 99% 

Conversion Factor: 3,414 Btu/kWh 

Other Conversions: 1 Btu = 2.931104 kilowatt hour 

1 kilo-Watt = 1000 Watts 

Building Type Hours/Day Degree-Days U-Value Energy Required Annual Energy costs 

(h) (DD) (W/m 

2 K) (kWh/m 

2 yr) (UGX/m 

2 )) 

Brick 24 4535 0.32 35.44 22,054 

Earthbag 24 4535 0.06 6.24 3,886 

[  

i  

w  

f  

2  

5  

f  

c  

U

a  
 46 , 55 ] gave the energy requirements, and hence costs, of the build-

ng wall alternatives as shown in Table 4 . A total of 3642 annual CDD

as obtained from the Kitale station which when transformed to cater

or the difference in altitude levels, based on average temperatures of

1.2°C and 26.4°C for Kitale and Kitgum locations respectively over the
19 
-year period (2016 to 2020), resulted into approximately 4535 CDD

or Kitgum. When the resultant CDD were combined with a system effi-

iency value of 99% for electricity and the 5-year average tariff of 622.3

GX/ kWh, annual energy requirements and costs of 35.44kWh/m 

2 

nd UGX 22,054 (US$ 6.12) per square meter were obtained for the
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Fig. 8. Comparison of all Building wall Costs 
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i  
rick unit, which were 82.4% higher than the earthbag unit with only

.24kWh/m 

2 , resulting into UGX 3,886 (US$ 1.08) per square meter,

er year. 

.2. Life cycle costs of the building Walls 

The total LCC comprised of the initial costs of construction of the

alls and the discounted annual energy costs attributed to the building

alls. 

.2.1. Discount rate 

The banks’ interest rate (lending rate) as reported by the Bank of

ganda, between the years 2016 and 2020 reached a maximum of

3.9% in 2016 and a minimum of 19.1% in 2020, with a five-year av-

rage of 20.8%. The rate of inflation on the other hand reached a maxi-

um of 5.9% in 2016 and a minimum of 2.4% in 2018, giving a five-year

verage of 4.2% [8] . Substituting the average values of interest rate and

nflation rate into equation (7) put the discount rate ( r ) at 15.9%. 

.2.2. Life cycle costs of the building walls 

The annual energy costs were discounted and added to the initial

osts of construction to determine the total LCC giving the results shown

n Fig. 8 . Based on open market rates, a 3% sum for preliminaries, an-

ther 3% as a contingency sum, and 18% VAT, the brick unit attained

n initial construction cost of UGX 91,377 (US$ 25.38) per square me-

er, which was approximately 20% and 93% higher than the earthbag

nit with UGX 76,334 (US$ 21.20) per square meter for option I (where

aterial and labour costs are included), and UGX. 47,298 (US$ 13.14)

er square meter for Option II (where material and labour costs are ex-

luded), respectively. Similarly, the earthbag unit had lower NPV of the

nnual energy costs (over a 30-year period) of UGX 24,118 (US$ 6.70)

er square meter compared to the brick wall with UGX 136,867 (US$

8.02) per square meter. 

Just like the results obtained for the initial construction costs and

nnual energy costs, the brick unit registered a higher total LCC of UGX

28,244 (US$ 63.40) per square meter, over 30-years. The earthbag

nit with material and labour costs (Option I), had a total LCC of UGX

00,452 (US$ 27.90) per square meter while that without material and

abour costs (Option II), had UGX 71,416 (US$ 19.84) per square me-

er as. A graphical representation of all the individual costs complete

ith error bars denoting a 5% margin of error in the values obtained is

epicted in Fig. 8 . 
20 
Fig. 8 above shows that option II of the earthbag wall (no material

nd labour costs incurred) turned out to be almost twice cheaper than

arthbag option I (material and labour costs are incurred), and three

imes cheaper than the mud-brick walls. Thus, the earthbag wall con-

tructed on a self-help basis with readily available material excluding

aterial and labour costs gave a percentage saving of approximately

8.7%. 

.3. Qualification of the building options within the low-cost bracket of 

ousing 

The wall costs were transformed to depict LCC based on the building

oor areas to enable a comparison of overall building costs to the na-

ional average income of Ugandans. As depicted by the graph in Fig. 9 ,

he total LCC of the buildings per square meter of floor area, presented

he brick house with UGX 826,794 ($220.48), almost two times higher

han the earthbag option I (Including material and labour costs) with

GX 537,062 (US$ 143.22), and almost three times higher than the

arthbag option II with UGX 342,566 (US$ 91.89). 

In order to gauge the fitness of the buildings within the affordabil-

ty bracket in the Ugandan context, the total building LCC of both the

rick and earthbag units were compared to the average annual house-

old income of UGX 5,446,800 (US$ 1602) [29] , using the affordability

hreshold of 30%. Only UGX 1,634,040 (US$ 453.9) would form the

nnual housing budget of a household without being cost-burdened. If

he household took out a 20-year mortgage loan at an interest of 22%

equiring a down payment of 30% [57] , it would only be eligible for a

aximum mortgage worth UGX 10,411,169 (US$ 2,892). However, on

onsideration of the annual operating expenses of the houses, this mort-

age amount would vary based on the house type and size as shown in

ig. 10 . 

Fig. 10 shows that based on the income levels in Uganda, an earthbag

ouse (where one is to incur material and labour costs) is only affordable

o the extent of 14m 

2 of floor area, and where it is built on a self-help

asis using readily available onsite material, 21m 

2 . A brick house on the

ther hand is only affordable when the building size is much lower than

0m 

2 of floor area. 

. Discussion 

Heat transfer into and out of the building, via the external walls,

nvolves the processes of radiation, conduction and convection. Accord-

ng to Lienhard IV & Lienhard V [58] , the energy emitted by radiation;
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Fig. 9. Comparison of the total building LCC 

Fig. 10. Analysis of affordability of housing based on the 

total building LCC 
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w  
hich affects the ambient temperature of a house, is governed entirely

y the emissivity and absorptivity of the surface. Therefore, although the

arthbag unit was exposed to higher temperatures exteriorly, of up to

1.75 °C compared to 30.59 °C for the brick unit, the difference between

he interior and exterior wall temperatures was 25% lower than that of

he brick unit. This showed that the thermal resistance properties of the

arthbag wall significantly reduced the amount of energy transferred to

he interior side of the wall during the entire time of the experiment;

hus guaranteeing better indoor comfort to the occupants even amidst

he hot sunny climate experienced during the day time. Wide variations

n external temperature were also noted during the measurement of the

arthbag building wall compared to the brick wall, with results taken

ve (5) days apart, which could have been attributed to changes in the

atural environmental conditions like cloud cover and wind. A few ex-

reme temperatures for example 1.89°C were also recorded from thermal

ouple 1, which could have been attributed to noise created by the effect

f weather, especially wind. Such uncertainties are expected when con-

ucting in-situ measurements [ 34 , 44 ], and thus, the use of more than

ne pair of thermal couples guaranteed better results. In addition, the

easurements did not depend on the temperature ranges, but on the

verage temperature readings taken over the study period. 

The defence in the exterior and interior temperature coupled with

he total U-values obtained (considering both the wall and environment
21 
eat transfer coefficients) showed that the earthbag wall absorbed a

maller amount of energy throughout the day and released it back to

he interior at night to moderate temperatures on the interior side, thus

aving a lower U-value compared to the brick wall. This performance

an be attributed to the material type, the thickness of the wall, and its

ass/density. For a thicker wall, a major portion of the heat absorbed

y the outer surface during the day time can be rejected to the outside,

hile a relatively small amount is transferred to the inside. The net ef-

ect is a greatly reduced cooling load on buildings with thicker walls,

nd in turn better thermal comfort to the occupants. Although comfort

epends on both environmental and personal factors including radiant,

ir, and surface temperatures, air velocity, humidity, and clothing and

uman activities, ignoring thermal capacity and the latter factors men-

ioned above, this study finding suggests that the earthbag walls, which

re thicker than the brick walls, are a thermal-physically better wall sys-

em, guarantying better thermal comfort to the building occupants. The

ffect of thermal capacity was reduced by taking temperature readings

or a period of over 72 hours in order to achieve a steady state, and, with

he measured temperature differences between the interior and exterior

uilding walls being over 10°C, the U-values obtained are assumed to

e valid under the steady state conditions [ 44 , 46 ]. 

Although the measured U-value of the brick wall of 0.32 W/m 

2 K

as very divergent from a calculated value of 2.1W/m 

2 K, it fell within
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g  
he range of results obtained from in-situ measurements done using the

eat flow method by other researchers including Nardi et al. [34] and

sdrubali et al. [44] . Similarly, the measured U-value of 0.06 W/m 

2 Kof

he earthbag unit differed from the calculated value of rammed earth

hat lies between 1.90 -2.1W/m 

2 K [25] , but was comparable to the

esults obtained by Jain [13] , which showed U-values of 0.01 – 0.03

/m 

2 K for the same size of bags but filled with insulating materials.

he contradiction between the measured and calculated U-values has

een experienced by many researchers and is attributed to the varying

ite and weather conditions experienced when carrying out in-situ mea-

urements [ 30 , 31 , 34 ]. The U-values obtained in this study resulted

n high annual energy requirements for the brick wall with almost six

6) times more energy than the earthbag wall. However, with accuracy

anges of ± 0.2°C for the data logger and ± 0.005% for the Omega DP41-E

rocess indicator, the resultant energy requirements of 33.85 and 5.73

Wh/m 

2 yr for the brick and earthbag units fell within ranges of + 34%

nd -20% for the brick unit, and + 56% and -26% for the earthbag unit.

he accuracy of the results in this case would depend on the type, age

nd condition of the instruments used for conducting the experiment.

ven with the same absolute errors for temperatures and heat flux, it

as noted that the earthbag unit had a bigger accuracy range compared

o the brick unit, which could be attributed to the small values obtained

or heat flux and the overall annual energy requirements of the earthbag

nit. Similarly, the inclusion of surface resistance reduced the annual en-

rgy requirements of the earthbag unit by 1% against a 5% reduction

btained for the brick unit. 

Looking at the total LCC of the building wall alternatives, the brick

all system yet again had the highest total LCC per square meter of

alling compared to the earthbag system (both option I and II). This

an be attributed to; firstly, the difference in the elements of civil works

nvolved in the construction of the two wall types in terms of the mate-

ials used, labour, and the methodology of construction, causing a dif-

erence in the initial construction costs of the two wall systems. Sec-

ndly, the annual energy costs obtained with reference to the annual

nergy requirements attributed to each wall system were dependant on

he thermal properties of the walls themselves. Since the brick wall had

 higher annual energy requirement and cost, when combined with the

nitial cost of construction, the system generally turned out to have a

igher total LCC per square meter as compared to the earthbag wall

ystem (with or without material and labour costs). 

Considering, the total LCC obtained per square meter of the floor

rea of the building, constructing on a self-help basis and maintaining

n earthbag house over a period of 30 years gave a saving of approxi-

ately 68.7% as compared to building and maintaining a brick house

ver the same number of years. The cost though would vary based on

he size of the building, i.e. the bigger the house, the higher the to-

al LCC incurred. These findings back up the conclusions made by sev-

ral other studies conducted with reference to costs related to earthbag

onstruction and earth architecture in general including [ 13 , 16 , 20 , 59 ].

ost of these studies emphasised the use of locally available materi-

ls for the construction of buildings, as this reduces the construction

osts. In addition, Zami and Lee [21] highlighted that the unit produc-

ion costs of construction using earth would vary based on factors such

s, availability of soil, current prices of materials, and labour costs. Our

tudy findings, which when material and labour costs were varied, as

er option I (where material and labour costs are included), and op-

ion II (where material and labour costs are excluded), gave different

nitial costs of construction of the earthbag walls and subsequently, the

uilding. Even with such considerations, the earthbag technique was

till generally cheaper to build than the mud-brick system. Thus, the re-

uction in overall construction costs can be attributed to the simplicity

f the buildings and dependence on locally available and natural ma-

erials, which when added to the low annual energy costs, gave rise to

ower building LCC. 

The discussion on total building LCC was further extended to un-

erstand the suitability and fitness of the earthbag units in the provi-
22 
ion of affordable housing in Uganda. Affordability in this case was con-

erned with securing a given standard of housing at a cost that does not

mpose a burden to the household incomes given a threshold of 30%

 6 , 7 ]. With a quarter of the population defined as poor by UBOS [1] ,

nd the differing levels of household incomes [30] , the issue of housing

ffordability represents a massive challenge. Thus, the choice of hous-

ng would highly depend on the type, size, and LCC of the housing unit,

isa-vie one’s household income level and ability to get and facilitate

 loan without being cost-burdened. When the LCC of the brick house

nd the earthbag unit under both options I and II, were compared to the

nnual household income and the affordability threshold of 30%, the

tudy showed that an earthbag house constructed on a self-help basis

sing soil found on-site, of twice the size of a brick unit, can fit within

he average incomes of Ugandans. The parameters used to gauge afford-

bility relate to those used by [60] who looked at a threshold of 30-40%,

 standard unit based on floor space and amenities, and household in-

omes, as parameters that would define housing affordability and have

o be tailored to local contexts. These affordability parameters however

ould vary based on the context of research to cover housing price to in-

ome ratios, rent to income ratios based on either tenancy or ownership

tatus. 

Therefore, in addition to Zami and Lees [21] ’s factors that affect the

conomic viability of earth construction, including 1) availability of soil,

hether it is available on-site or has to be purchased and transported

o the site, its suitability i.e. type and quality; and, 2) availability of

abour, whether it is available on-site or has to be hired and paid, the

ize of the house to be constructed (in terms of square floor area), and

he level of household income, would also greatly influence the extent

f affordability of earthbag housing in Uganda. 

. Conclusion 

Given the growing demand for shelter in the developing world, visa-

ie the low incomes of households, the newly built stock needs to be

uilt with the utmost attention to cost, durability, and efficiency. New

onstruction techniques such as earthbag construction, which are cost-

ffective and utilise the natural local resources available, need to be

xplored. The study sought to analyse and compare the thermal proper-

ies and the LCC of the earthbag building and the commonly used burnt

ricks in Uganda. The study found that: 

1) The accuracy of the temperature and heat flux readings obtained

from the study fell within accuracy ranges of + 34% and -20% for

the brick unit, and + 56% and -26% for the earthbag unit. 

2) Given the U-value and thickness of the earthbag walls of 0.06

W/m 

2 K and 530 mm respectively, the earthbag walls are rendered

thermo-physically better and comfortable compared to the ordinary

brick walls with a U-value of 0.32 W/m 

2 K. 

3) With a total LCC of UGX 71,416 (US$ 19.84) visa vee UGX 228,244

(US$ 63.40) for the brick unit, the earthbag unit was 68.7% cheaper

to build and operate when construction is carried out on a ‘self-help’

basis. This is due to their simplicity and dependence on locally avail-

able and natural materials. 

4) Due to its low tech and low-cost nature, earthbag housing is rendered

a more viable option to brick housing for the provision of low-cost

housing in sub-Saharan Africa. However, the extent of affordability

of an earthbag house would highly depend on the availability of

suitable soil and labour, the size of the unit required (which ranges

from 14m 

2 to 21m 

2 floor area), and the level of household income. 

The study results also showed that whereas the uncertainties regard-

ng the degree days have a direct impact on the annual operational en-

rgy, uncertainties regarding the economic parameters including infla-

ion, interest and mortgage conditions, as well as the study life, would

irectly impact the total building life cycle costs and hence the measure

f affordability. This study’s findings can be used by governments, Non-

overnmental organisations and individuals in sub-Saharan Africa, for
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rovision of economically viable and technically feasible low-cost hous-

ng options to communities in rural areas and warm climatic conditions

 so as to promote regional development. 
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