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FOREWORD

Over the past 20 years the Expanded Programme on Immunization of the World Health Organiza-
tion (WHO/EPI) has played a leading role in evaluating the possibility of using various types of energy
sources for the vaccine Cold Chain. This was done in close collaboration with major partners such as
NASA (National Aeronautics and Space Administration), UNICEF (United Nations Children's Fund),
and USAID (United States Agency for International Development) and with the recipient countries,
mostly in South America and Africa. Rapidly, it became obvious that solar energy was a technology
that would play a critical role to ensure good-quality and safe vaccine refrigeration in remote health
centers.

Gradually, as solar refrigeration technology was becoming standardized and therefore more reli-
able, large scale programmes were launched in Uganda, Zaire, Peru, Myanmar, and Indonesia, to
name only a few.

Although use of solar refrigeration has enabled national immunization programmes to expand
their outreach to remote populations and to ensure that good quality vaccines were delivered to the
children and their mothers, evaluations of these programmes have highlighted several weaknesses,
which remain to be addressed. One of the major problems facing the introduction of renewable
energy technology remains its relatively high cost. Too often, "renewable energy advocates” mini-
mize the high initial capital cost of the technology and argue that recurrent costs are negligible.
Unfortunately, although recurrent costs are indeed low, they exist. Batteries must be replaced after a
number of years (five years in the best cases and sometimes at a shorter interval, depending on their
quality and their match with the whole system). If nothing is done at country level to plan and bud-
get for the replacement of these batteries (equipment, manpower, and transport to the sites), then an
excellent technology becomes useless and increases the number of "dead" systems laying around in
remote areas discrediting the image of renewable energy.

This is why, over the past few years, WHO/EPI has been looking at ways to use renewable energy
technology for a broader range of applications that could serve the needs of the rural health center and
the community at large. The underlying motivation of this approach was that, by providing a number
of services to the health center and to the community, the technology becomes better known and there-
fore attracts greater public and private sector interest. This can gradually lead the community to really
take over the responsibility of the long-term maintenance of the systems. Increased use of renewables
in the community (e.g., in schools, small businesses, private homes, community houses) will also
enable technical expertise to be developed and maintained at the village level.

Afew projects have been initiated with this approach in mind. One such project is described in
this guide. Much remains to be learned, however, to make this concept sustainable.

This guide is an excellent initiative, which fully contributes to the above approach. By looking at
all the energy needs of rural health facilities and providing technical guidance on how these can be
met with renewable energy technologies, it fills an important gap. | congratulate the authors of this
guide and their sponsors. | make strong wishes for many more initiatives to be launched that will
provide clean energy to meet the pressing health requirements of rural areas. Renewable energy is
the energy that we must use today wherever it makes economical sense! And we can do a lot more to
show that it makes sense!

Michel Zaffran, Coordinator
Quality of Immunizations Services, Expanded Programme on Immunization
World Health Organization
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PREFACE

Rural health service is an important national and international priority. However, the availability
of electricity to support proper rural health services is less than adequate in many countries. In
recent years the development of reasonably priced and reliable energy systems has made it possible
to provide vaccines and other basic health care services in remote areas. A number of international,
national, and local institutions, NGOs, and private companies are now deploying renewable energy
systems to rural communities in the developing world where health care in rural areas is a national
priority.

Because renewable energy is regionally diverse, the appropriate renewable energy system will
be regionally and site dependent. While photovoltaic (PV) systems have paved the way and are
being deployed in most cases, several micro/mini renewable sources of electricity should be consid-
ered. One of the objectives of this guidebook is to expand the opportunity beyond PV to areas of
good wind or hydro resources. Also, in the near future we may see micro-biomass gasification or
direct combustion, as well as concentrated solar thermal-electric technologies come into play.

The three important drivers in the selection are the natural resource availability, the size and tim-
ing of the electrical loads, and the cost of the various components, including fossil fuel alternatives.
This guidebook provides the considerations and some comparisons in the selection of alternative
renewable and hybrid systems for health clinics.

The National Renewable Energy Laboratory’s (NREL) Village Power Program has commis-
sioned this guidebook to help communicate the appropriate role of renewables in providing rural
health care services. The two primary authors, Tony Jimenez and Ken Olson, combine the technical
analysis and practical design, deployment, and training experience that has made them such an
effective team. It is our intention that this guidebook will be useful to several audiences in their con-
sideration of renewables as a serious option for electrifying rural health clinics. It may be useful as
well to renewable energy practitioners in defining the parameters for designing and deploying their
products for health clinic needs.

This is the first in a series of rural applications guidebooks that NREL'’s Village Power Program
is commissioning to couple commercial renewable systems with rural applications, including
water, rural schools, and micro-enterprise. The guidebooks are complemented by NREL’s Village
Power Program’s development activities, international pilot projects, and visiting professionals
program. For more information on NREL’s Village Power Program, please contact our web site,
http://www.rsvp.nrel.gov/rsvp/.

Larry Flowers
Team Leader, International Projects
National Renewable Energy Laboratory
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HOW TO USETHIS
GUIDE

Who is this Guide for?

While containing useful information for any-
one interested in health clinic electrification, this
Guide is written primarily for decision-makers
within government ministries or private agen-
cies that are involved or interested in health
clinic electrification using renewable energy (RE)
technologies.

What is the Purpose of this
Guide?

The purpose of this guide is to give the
reader a broad understanding of the technical,
social, and organizational aspects of health clinic
electrification. The authors’ goal is to help read-
ers to accurately assess their health clinic’s elec-
trical needs, select appropriate and cost-effective
technologies to meet those needs, and lastly, to
put into place an effective infrastructure to
install and maintain the hardware.

What is in this Guide?

This Guide gives a broad overview of health
clinic electrification with an emphasis on the use
of RE. The use of solar thermal technologies to
meet various heating applications is briefly dis-
cussed. Chapter 1 discusses typical health clinic
electrical applications, such as refrigeration,
lighting, and communications. Information on
typical power draws and duty cycles for each
type of equipment is given as well. Chapter 2
discusses the components of stand-alone power
systems. For each component there is a descrip-
tion of how it works, its cost, lifetime, proper
operation and maintenance, and limitations.
The first section of Chapter 3 gives an overview
of life-cycle cost analysis. The remainder of the
chapter is devoted to discussing the various fac-
tors that influence the design of stand-alone RE
systems for a particular location. Chapter 4

explores the various social and institutional
issues that need to be addressed in order to have
a successful health clinic electrification program.
There is some emphasis in this chapter towards
large-scale projects done by governments or
large private agencies, but much of the content,
especially that relating to maintenance, user
training, and project sustainability will be of
interest to a wider audience. Chapter 5 details
five health clinic electrification Case Studies.
Chapter 6 gives general Lessons Learned that
can be applied to future projects. These are fol-
lowed by a list of references, the bibliography,
and a glossary of terms used throughout this
Guide.
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INTRODUCTION:
THE NEED FOR PRIMARY
HEALTH CARE

"Not until the creation and maintenance
of decent conditions of life for all people
are recognized and accepted as acommon
obligation of all people and all countries—

not until then shall we, with a certain
degree of justification, be able to speak
of mankind as civilized."

Ken Olson, SEI/PI1X06489

Albert Einstein 1945

Rural health clinics in developing countries
are the last link in a fragile lifeline of support.
This lifeline of infrastructure has technical, finan-
cial, managerial, and educational dimensions.

Health care in developing countries depends
greatly upon support and administration by
national governments, charitable human ser-
vices, non-governmental agencies, and religious
organizations. These efforts are supplemented
by international aid. Through the efforts of these
organizations, health distribution systems are
tasked with providing medical supplies, health
services, and medical staff. The needs are
immense, and the efforts are often severely
under-supplied and ill-equipped, particularly in
remote and distant communities.

The relationship between health and energy
is compelling. The World Health Organization
(WHO) states that "Health and energy are inter-
dependent factors which largely determine the
progress of rural develop-
ment. ...An energy strategy
for rural areas will be critical
in achieving lasting health
improvements. .. WHO
believes solar energy can
play an importantrole in
improving health energy
infrastructure if integrated
with a broader array of end
uses."1

Primary health care pro-
grams are essential to the
improvement of child sur-
vival programs and the
overall quality of the human
condition. Distribution of
energy by conventional
means has failed to be reli-
able or affordable in meeting
the modest needs of rural
health clinics in many devel-
oping countries. Supplies of

Figure L.1. Afamily awaits medical attention at Clinica El Pallar, near
Huamachuco, Peru.
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International policy regarding rural health is
evolving toward decentralization of services and
more comprehensive strategies. Primary Health

Figure l.2. Photovoltaic modules supply
electricity to a local clinic in West Bengal, India.

gas and kerosene are often costly and unreliable.
These fuels provide poor quality light. Propane
fueled refrigerators provide adequate vaccine
preservation, but the more widely used kerosene
fueled refrigerators do not. Gasoline and diesel
fuels can power motor generators for electrical
service, but these generators are often non-
functional, always expensive, and usually
reserved for emergencies when available. Most
rural health clinics in developing areas are with-
out electrical power.

Renewable energy from sun and wind is an
abundant and ubiquitous resource. Although
capable of providing plentiful and reliable elec-
tricity, these resources are largely untapped.
Reliable electricity produced on site has proven
capable of delivering high quality electricity for
vaccine refrigeration, lighting, communication,
medical appliances, clean water supplies, and
sanitation. It can also improve management,
logistics, distribution of information, education,
and communication. In locations where it is dif-
ficult to keep trained medical staff in the field,
reliable electricity can provide highly valued
life-style amenities such as light, music, and
broadcast communications. There are successful
examples of electrified health clinics that gener-
ate operating income to assist financial self-
support. (See Case Studies, Chapter 5.)

Jim Welch, Remote Pow;er/PIXUG(Jos

Care (PHC) has selectively focussed on child
survival programs such as immunization and
oral renydration therapy.2 A more comprehen-
sive approach is evolving that extends beyond
the walls of the health clinic to encompass the
broader aspects of community health. Compre-
hensive PHC includes such items as the provi-
sion of clean water supplies and the promotion
of health education. Partnerships with other
sectors of human service including education,
agriculture, and economic development are
desirable, especially where funds are limited.

World Health Facts

1. Of over 52 million deaths in 1996, over
40 million were in developing countries,
including almost 9 million in the least
developed countries.

2. In 1995, 5 million babies born in develop-
ing countries died in the first month of life

3. Infectious and parasitic diseases accounted
for 43% of the 40 million deaths in developing
countries.

4. The leading Kkiller among infectious
diseases in 1996 was acute lower respiratory
infection which killed 3.9 million people.
Deaths due to other infectious diseases in
1996 were as follows:

Tuberculosis (3 million),
Diarrhea (2.5 million),
Malaria (2.5 million),
HIV/AIDS (1.5 million).

5. The percentage of coverage of children
immunized against six major childhood
diseases increased from 5% in 1974 to 80%
in 1995.

6. More than 120 million children under
five in India were immunized against
poliomyelitis in a single day in 1996.

(from “Fifty Facts from the World Health
Report 19977)3
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What is a Health Clinic?

In this Guide the term “health clinic” is used as a catch-all term referring to many types of health facilities in a
varying range of sizes. At the small end, this ranges down to what may be termed a “health post.” This is typically
a one- or two-room facility that may or may not be wholly dedicated to providing health services. There is usually
no permanent doctor or nurse present. A doctor or nurse may visit periodically. In addition to the itinerant nurse
or doctor, the facility may have a full- or part-time primary health worker.4 Services available at health posts
include the treatment of minor ilinesses, and the tending of minor injuries. Patients with more serious problems
are referred to the local district hospital. In general, these facilities have only the most basic items, communica-
tions equipment, lights, and occasionally, a vaccine refrigerator.

Astep up from the health post is
the “health clinic” with a somewhat
larger facility and a greater likelihood
of having a full-time nurse(s). A
health clinic offers a wider array of
services than a health post. Some
health clinics may have one or two
beds for the more seriously ill or
injured. These facilities are more
likely than health posts to have items
such as vaccine refrigerators, and may
. have some simple laboratory equip-
Figure 1.3. Photovoltaic system supplies power for a vaccine refrigerator ment such as centrifuges and micro-
and lights at a health clinic in Zambia. scopes. Additional power loads may
include lighting and a TV/VCR for
the staff quarters.
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At the large end of the health
clinic continuum are small rural hos-
pitals with a dozen to several dozen
beds. In many developing countries,
this is the lowest level facility perma-
nently staffed with doctors. Along
with the doctors are supporting staff
such as nurses, nurse’s aides, and
maintenance workers. Hospitals nor-
mally offer services such as surgery,
rehabilitation, and laboratory and
radiological services.

Ken Olson, SEI/PIX06486

| |
Figure l.4. Patients seek the most basic of primary health care services at
Clinica San Martin near Matagalpa, Nicaragua.
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CHAPTER 1;
HEALTH CLINIC
APPLICATIONS

Chapter Introduction

The most common applications needed at
rural health care facilities require some form of
energy. This chapter describes the most common
health clinic applications. The tables in this chap-
ter give typical power requirements and duty
cycles for each application. Study of this chapter
will help the reader to identify the most critical
applications for a particular health clinic.

Vaccine Refrigeration and Ice
Pack Freezing

Immunization programs depend upon reli-
able refrigeration to preserve vaccines to prevent
or eradicate dangerous diseases including Polio,
Diptheria, Tetanus, Pertussis, Tuberculosis,

Solar water
Solar-powered
medical vaccine
refrigeration

Solar electric
panels

Battery charging
station for sale of
excess electricity

; -
Development -
literature

Computer and
communications

Source: John R. Boone and Solar Electric Specialties, Inc.

Figure 1.1. Health clinic showing typical applications.

Solar Powered Community
Health Center

Measles, Yellow Fever, and Hepatitus B. The
Cold Chain is a system of people and equipment
present in almost all countries that attempts to
keep vaccines at proper temperatures as they are
distributed from the manufacturer to the loca-
tions where they are administered. Fail safe
refrigeration within a specified range of temper-
ature, from point-of-manufacture to point-of-
use, is critical to the mission of the Cold Chain.

Atdistrict and rural health centers vaccines
are stored for up to one month and require a sta-
ble temperature between 0°C (32°F) and 8°C
(46°F). Once the vaccines have been exposed to
temperatures outside this range, potency is for-
ever lost. It is not apparent to the health worker
that a vaccine has been rendered impotent
because of heat exposure without reliable indica-
tors or complete laboratory tests.

The most remote health clinic in this logisti-
cal supply chain must also be able to freeze ice
packets to carry the vaccines in coolers to sur-
rounding sites served by the health clinic. These
sites can be up to several days travel away, by
foot or mule, from the last health clinic in the
Cold Chain. Compression refrigeration, which
requires electricity, offers
the most stable tempera-
ture control for vaccines
and the capacity for ice
making.

Absorption refrigera-
tion, fueled by propane or
kerosene, iscommon at
unelectrified health clin-
ics. Absorption refrigera-
tors are vulnerable to
interruption of their fuel
supply resulting in the
loss of vaccines. Kerosene-
fueled refrigerators can-
not maintain vaccines
adequately, because the
temperature is not ther-
mostatically controlled.
Kerosene-fueled refrigera-
tion requires frequent
manual adjustment to the

02523311m
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Ken Olson, SEI/P1X06490

Figure 1.2. Health care staff receive training in
operation of their new photovoltaic powered
vaccine refrigerator at Clinica El Molino, near
Trujillo, Peru.

Table 1.1. Power Consumption for Lighting

Lamp type Rated Light output Efficiency Lifetime
watts lumens lumens/watt hrs
Candle 1-16
Kerosene lamp 10-100
Incandescent bulb 15 135 9 850
25 225 9 850
100 900 9 850
Halogen bulb 10 140 14 2,000
20 350 18 2,000
Fluorescent tube 8 400 40 5,000
13 715 40 5,000
20 1250 54 7,500
Compact fluorescent 15 940 72 10,000
18 1,100 66 10,000
27 1,800 66 10,000

flame as ambient air temperatures vary from day
to night. Less common than kerosene-fueled
refrigerators, propane-fueled refrigerators do
have adequate temperature regulation. In loca-
tions with a reliable fuel supply, it may not be

worthwhile to replace propane-fueled refrigera-
tors with compression refrigerators.

Solar and wind energy generated on site can
power compression-type refrigerators and ice-
pack freezers. Temperature control is far more
accurate than with kerosene-fueled absorption
refrigeration. Many Cold Chain programs use
renewable energy to power efficient compres-
sion refrigerators at remote locations where the
supply of kerosene and propane is unreliable or
costly. Because most often a PV system powers
these refrigerators they are often referred to as
“PV refrigerators” even though they can be pow-
ered from any electrical source. Efficient com-
pression-type refrigerators can be powered by
12 or 24 V(volt) storage batteries which are
recharged on site by photovoltaic panels or a
small wind turbine. The main advantage is
greater temperature control and elimination of
the need for a fuel supply.

Lighting

Electricity offers a quality of light to which
gas or kerosene cannot compare. Kerosene light-
ing is most common in unelectrified communi-
ties. Kerosene is a known safety hazard and
contributes to poor indoor air quality as well.
Electric light greatly improves emergency treat-
ment, birthing, maternity care, surgery, adminis-
trative tasks, and other medical functions.
Outdoor light makes the health clinic more
accessible at night. In unelectrified communities,
a health clinic with light becomes a strong com-
munity focus.

When using a renewable energy system,
energy efficiency is key to reliability and afford-
ability. A dollar spent on efficiency will generally
save many dollars in total system costs. Table 1.1.
shows the energy consumed and light produced
for incandescent and fluorescent lights, as com-
pared to candles and kerosene. It is easy to see
that the electric light is far superior in terms of
qguantity and quality of light. Compact fluores-
cent lights give four times the light per watt con-
sumed, as compared to incandescent bulbs. With
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an expected service life of 10,000 hours, they last
ten times longer than incandescent bulbs.

Communications

Radio and radiotelephone communications
will greatly improve health care services at rural
health clinics. Emergency medical treatment is
greatly facilitated with reliable communications
to other health clinics and facilities in the region.
Doctors and nurses must often cover numerous
communities in a region and have scheduled
days to visit each community. Health care ser-
vices can be greatly improved by full-time com-
munications with itinerant medical staff or
regional facilities. Communications are also
essential to routine operation and management
functions including procurement of supplies,
surveillance and reporting on disease and immu-
nization, and assistance with diagnosis of illness
and medical procedures

Ken Olson, SEI/P1X06491

Figure 1.3. APV powered radio is used by health
staff at Clinica El Pallar to request technical or
logistical assistance and to report on significant
health risks in the region.

Health clinic communications require very
little electrical energy. Stand-by power consump-
tion may be as little as 2 watts (W). Power con-
sumption for transmitting and receiving are
higher, on the order of 30-100 W, but generally
are for very little time. Many rural health clinics
have reliable two-way regional
communication via VHF radio
with electricity provided by a
single 30-W PV module.

Medical Appliances

Small medical appliances
that operate on 120-volt (V) AC
electricity may be operated if an
inverter is incorporated into the
system. Health clinics can make
use of a microscope, a nebulizer,

Ken Olson, SEI/P1X6493

e

Figure1.4. A small laboratory microscope
requires only moderate use of a 30 watt light. It is
essential equipment for diagnosis in the field.

Figure 1.5. An RE system can
power a small dental care unit
used to provide preventative
dental care. Most clinics with
access to a dentist serve
primarily to pull teeth.

a centrifuge, dental equipment, and other med-
ical appliances.

Ken Olson, SEI/P1X06492



Human consumption: 5-10 liters/day

Personal hygiene: 20-50 liters/day
per person required for washing
utensils, food, clothes, and bathing.

Renewable Energy for Rural Health Clinics

Sterilization

Sterilization requires rather high tempera-
tures, approximately 120°C (250°F). Although
photovoltaic systems are able to power electric
autoclaves with the use of an inverter, the power
consumption is quite high and economically
impractical. It is generally more appropriate to
sterilize with thermal energy rather than electric-
ity. These temperatures can be produced by solar
thermal collector systems at a lower cost, espe-
cially in areas with good solar insolation.

Water Treatment

Perhaps one of the most common and serious
health concerns in less developed countries is
readily accessible clean drinking water. WHO
estimates that water-bred illnesses are responsi-
ble for 50,000 deaths daily.> WHO also estimates
that 80% of illnesses worldwide are transmitted
by contaminated water. Water contamination
may be particulate, microbiological, chemical, or
parasitic.

Common means of chemical disinfection
include chlorine and iodine, both of which pro-
duce an objectionable
taste and odor. The
greatest advantage of
using chlorine is the
residual effect it
maintains throughout
a distribution system.
A 2% tincture of iodine can purify small amounts
of water from bacterial content.

There are a number of low-cost, non-electri-
cal means of treating water to make it safe for
human consumption.

There are more sophisticated means of water
treatment that generate higher volumes of
potable water and are effective for a wider vari-
ety of types of contamination. These processes
require electricity that can be produced on site
with solar and wind power. They include ozone
treatment, reverse osmosis, photochemical, also

known as ultraviolet or UV, disinfection and car-
bon filters. Some processes utilize a combination
of these treatments. There are also several tech-
nologies that provide for on-site production of
disinfectants such as sodium hypochlorite from
awater and salt solution.

Ozone is a highly activated form of oxygen
often used in combination with activated carbon
filters to disinfect water supplies. It adds no taste
or odor to the water. It does not offer residual
disinfection over time. Ozone treatment has low
electrical power requirements. The process is
very suitable to solar or wind generated power
as it requires only 0.3 W-hours (Wh) per liter.

Activated carbon can remove chloroform,
industrial chemicals, and heavy metals from
drinking water. The filter must be replaced peri-
odically to prevent bacterial contamination.

UV disinfection requires only a small amount
of electricity (0.2 Wh per liter) and is effective at
killing micro-organisms. Yet, organisms such as
Giardia are immune to UV radiation.

Water Supply

Surface water from sources such as lakes and
streams is most prone to contamination. Hand-
dug shallow wells work better if lined, covered,
and provided with adequate drainage at the site.
These shallow wells should be equipped with a
means of pumping the water so as not to intro-
duce contamination from the vessels used to
draw water. Deep wells generally provide higher
quality water, but require an energy source for
pumping significant volumes. Power require-
ments increase with the volume of water
required and the depth from which it must be
pumped. Solar or wind power (or both) gener-
ated on site can economically meet the broad
range of needs between manual pumps and
large-motor generator driven pumps.



Renewable Energy for Rural Health Clinics 9

Steve McCarney/P1X06502

Figure 1.6. Unelectrifed rural communities have
difficulty keeping trained medical staff at health
clinics. Modest life style amenities such as
lighting, music, and broadcast communications
are important to the retention of staff at rural
health clinics.

Education

Providing lighting for educational activities
enhances health education. Audio-visual equip-
ment requires modest amounts of electrical
energy and can be powered by an RE system.

Health Staff Amenities

Quality-of-living conditions for health staff is
an important factor in quality of health services.
Professionally trained doctors and nurses are
accustomed to a quality of life that necessitates
electricity. The lack of these basic amenities of
lighting and broadcast communications in rural
areas of under-developed countries is a major
deterrent to retaining trained health care staff in
the community.

Income Generation

Health care in developing countries is a
social service that is often under-funded. Rural
health clinics lack the operating funds for sup-
plies and equipment maintenance.

Pilot projects at rural health clinics in various
countries have proven successful at generating
operating income with the use of renewable
energy systems. Video theaters and battery
charging services powered with solar electricity
have generated significant funds within commu-
nities to partially support the operating expenses
of rural health clinics. Case Study #4 describes
four such communities in Colombia, South
America (see page 34).

Figure 1.7. Awind turbine supplies electricity toa
health clinic (not shown) and the surrounding
village of Villa Las Araucarias, Chile.

Jan Baring-Gould, NREL/P1X06503
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Table 1.2. Power and Energy Consumption for Medical Appliances

Power
(watts)

Vaccine refrigerator 60
Vaccine refrigerator/freezer 60
Lights (each) 20
Communication VHF radio

Stand-by 2

Transmitting 30
Microscope 15
Centrifuge nebulizer 150
Vaporizer 40
Oxygen concentrator 300
Overhead fan 40
Water pump (1500 liters/day 100

from 40 meters)

TV

12” B&W 15

19” Color 60

25” Color 130
VCR 30
AM/FM stereo 15
Electric sterilizer* 1500

On-time Energy/day
(hours/day) (watt-hours)
5-10 300-600
6-12 410-720
2-12 40240
12 24
1 30
1.0 15
0.3—2.0 50—300
1.0-4.0 40-160
1.0-4.0 300-1200
4-12 160-480
6 600
1.0-4.0 15-60
1.0—-4.0 60—240
1.0-4.0 130-520
1.0-4.0 30-120
1.0-12 15-180
0.5-2.0 750-3000

* Thermal sterilization should be used unless the electrical power system can handle the high power

and energy requirements of an electric sterilizer.

Community Center

The health clinic may be the only electrified
building in a given village. Being well-lit, it
becomes a magnet for after hours activities such
as night education classes and serves as a com-
munity center. Accounting for this in the design
of the system will increase the benefits of the
system to the community and lead to greater
community support and “buy in.”

Centerpiece of a Village
Mini-Grid

In some locations where greater resources
are available, a larger power system may be

installed that is used to electrify other nearby
buildings in addition to the local health clinic.
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Figure 1.8. Leaders of the Paez Indian
Community inaugurate a photovoltaic
lighting system in Mosoco, a community
of the Tierradentro region of southern
Colombia.

Community Lighting
Tierradentro, Colombia

In October of 1992, a solar powered lighting sys-
tem was installed at the Community Health Center in
Mosoco, a community of Paez Indians in the rugged
mountainous region of southern Colombia called
Tierradentro (which means “the land within”). The
health center became the only electrified building in
the community with the exception of the Catholic
church which had a small gasoline generator oper-
ated only two hours each evening.

The health center lighting system came to serve
many more purposes than health care. Shortly after
the installation, the Paez community used the center
to translate the Colombian National Constitution into
their native language. Adult literacy classes and agri-
cultural education were also carried out under the
brilliance of a PV powered light during the evening.
The usefulness of the lighting system did not stop
there though!

In June of 1995, the region of Tierradentro experi-
enced heavy rains and a massive earthquake which
resulted in many landslides. Three communities
were entirely lost under the deluge of mud and rock.
Thousands lost their lives and many survivors were
left homeless. All roads to the region were blocked by
the landslides.

In the community of Mosoco, only one building
was left standing—the health center. The PV lighting
system was the only electrical power available in the
entire region. The Health Center was used by the Red
Cross, the Colombian Army, and other organizations
providing disaster relief services to the people of
Tierradentro.
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Solar Thermal Applications

Solar thermal technologies are used for applications that require energy for heating rather than electricity.
Solar thermal energy is used to heat air or water by means of a dark surface under glass or similar transparent
material. Temperatures may regularly reach 93°C-177°C (200°F-350°F) .The higher end of this temperature range
may be achieved by use of insulation or reflectors or both. Applications that make use of solar thermal energy
include water heating, cooking, pasteurization, and water distillation.

Much higher temperatures, on the order of 204°C-316°C (400°F-600°F),may be attained by concentrating sun-
light on a small area. Solar steam sterilization units make use of reflectors, evacuated glass tubes, and selective sur-
faces. The reflectors increase the level of sunlight into the unit. The evacuated tube acts like a thermos bottle to reduce
heat loss by conduction. The selective surface in the collector reduces the heat loss caused by thermal radiation.

Solar Water Heating

Water is easily heated by the sun. The simplest ways are by running water through a length of black tubing or
placing a tank of water outside on a sunny day. Water temperatures may become warm to hot depending upon the
amount of sunlight, temperature of the ambient air, and the insulation around the storage tank. Higher tempera-
tures may be achieved by covering the dark surface with glass or similar transparent material.

Solar flat-plate collectors can be used to pasteurize water. These collectors consist of a black absorber plate in
an insulated box covered by a sheet of tempered glass. Water is circulated through the collector for heating and
then pumped to a storage tank.

Solar Water Distillation and Pasteurization

Simple solar thermal technologies, such as pasteurization and distillation, are effective for treating small quan-
tities of biologically contaminated water. These are good alternatives to boiling water. Although boiling water for
five minutes or more Kills bacteria, it is often overlooked because of the inconvenience, use of fuel, and the small
volume yield.

Water or milk may be pasteurized by heating it to 65°C (150°F) for 30 minutes or 71°C (161°F) for 15 seconds.
Pasteurization disinfects microbiologically contaminated water by killing viruses, bacteria, and protozoans. How-
ever, it will not eliminate chemical pollutants.

Solar pasteurization may be achieved
by placing water or milk containers in a
solar cooker—an insulated box covered
with glass. Reflectors increase the amount
of sunlight directed into the box. Tempera-
tures sufficient for pasteurization are easily
achieved in this manner.

Solar distillation is a process where
water is heated to form steam and then it
condenses back to water. Distillation will
remove bacterial, viral, and chemical conta-
minants from brackish or salt water making
it drinkable. A solar distiller looks similar
to a solar cooker and will produce about
3-4 liters/day/m?2 of absorber surface.

Simon Tsuo/P1X01947

Figure1.9. Chinese women use a solar cooker to heat water.
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CHAPTER 2:
ELECTRICAL SYSTEM
COMPONENTS

Chapter Introduction

This chapter gives an overview of the main
components typically used in renewable energy
systems. Diesel and gasoline engine generators
are also discussed. For each item, the discussion
includes how it works, proper use, cost, lifetime,
and limitations.

Wind turbine

PV array

02523307m

DC source
center

Inverter

" Generator
Batteries | | | |

DC loads AC loads

Wind/PV/Diesel Hybrid System

Figure 2.1. Hybrid System Configuration:
Generalized hybrid system configuration showing
energy storage components (photovoltaic, wind
turbine, and generator), energy storage
components (batteries), energy conversion
components (inverter), and balance of system
components (direct current source center and
charge controller). Courtesy of Bergey Wind
Company

System Overview

Introduction

A hybrid system comprises components
that produce, store, and deliver electricity to the
application. Figure 2.1. shows a schematic of a
hybrid system. Not all systems have all the com-
ponents shown. In general, PV panels, small
wind turbines, and batteries are all DC devices.
If AC power is desired, the DC power must be
converted to AC. Generators normally produce
AC power, but some models also produce DC
power. The components of a hybrid system fall
into one of four categories.

Energy Generation

Wind turbines and engines use generators to
convert mechanical motion into electricity. PV
panels convert sunlight directly into electricity.

Energy Storage

These devices store energy and release it
when itis needed. Energy storage often
improves both the performance and economics
of the system. The most common energy storage
device used in hybrid systems is the battery.

Energy Conversion

In hybrid systems, energy conversion refers
to converting AC electricity to DC or vice versa.
Avariety of equipment can be used to do this.
Inverters convert DC to AC. Rectifiers convert
AC to DC. Bi-directional inverters combine the
functions of both inverters and rectifiers.

Balance of System (BOS)

BOS items include monitoring equipment,
adump load (a device that sheds excess energy
produced by the system), and the wiring and
hardware needed to complete the system.
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Photovoltaics

Introduction

PV panels convert sunlight directly into DC
electricity. PV panels, having no moving parts,
are highly reliable, long lived, and require little
maintenance. In addition, PV panels are highly
modular. It is easy to assemble PV panels into an
array that can meet any given sized load. The
main disadvantage of PV is its high capital cost.
Despite this, especially for small systems, PV is
often a cost-effective option, with or without
another power source, as the savings of use pays
back the initial cost within a few years.

PV Panel Construction

PV panels consist of individual cells that are
wired together in series and in parallel to pro-
duce the desired voltage and current. The cells
are usually encapsulated in a transparent protec-
tive material and typically housed in an alu-
minum frame. As mentioned earlier, PV panels
are long lasting with warranties that run as long
as 20 years.

Figure 2.2. A photovoltaic technician cleans two 8o-watt panels
which power a Sunfrost vaccine refrigerator in the community of
Mulukuku, Nicaragua.

Performance Characterization

PV panels are rated in terms of peak watts
(Wp) or peak kilo-watts (kWp). This rating is a
function of both panel size and panel efficiency.
This rating scheme also makes it easy to compare
panels and prices from different suppliers. Pan-
els should be compared in terms of cost per Wp.
This rating is the amount of power that the panel
will produce under standard reference condi-
tions (1kW/m?2; 20°C [68°F] panel temperature.)
This is roughly the intensity of sunlight at noon
on aclear summer day. Thus a panel rated at
50 Wp will produce 50 W when the insolation on
the panel is 1 kW/m?2. Because power output is
roughly proportional to insolation, this same
panel could be expected to produce 25 W when
the insolation is 500 W/m?.

Panel energy production can be estimated by
multiplying the panel’s rated power by the site’s
insolation on the panel’s surface (typically
1400-2500 kwWh/m? per year; 4-7 kWh/mZ2/day).
The resulting product is then derated by approx-
imately 10%-20% to account for losses caused by
such things as temperature effects (panels pro-
duce less energy at higher temperatures) and
wire losses.

Panel Operation

Most PV panels are designed
to charge 12 V battery banks.
Larger off-grid systems may
have DC bus voltages of 24,
48,120 or 240 V. Connecting the
appropriate number of PV pan-
els in series enables them to
charge batteries at these volt-
ages. For non-battery charging
applications, such as when the
panel is directly connected to a
water pump, a maximum point
power tracker (MPPT) may be
necessary. AMPPT will match
the electrical characteristics of
the load to those of the panel so
that the panel can efficiently
power the load.
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Panel Mounting and Tilt Angles

In order to maximize energy production, PV
panels need to be mounted so as to be oriented
towards the sun. To do this, the panels are
mounted on either fixed or tracking mounts.
Because of their low cost and simplicity, fixed
mounts are most commonly used. These type of
mounts can be made of wood or metal, and can
be purchased or fabricated almost anywhere.

Tracking mounts (either single or dual axis)
increase the energy production of the panels,
particularly at low latitudes, but at the price of
additional cost and complexity. The relative cost
effectiveness of tracking mounts versus addi-
tional panels will vary from project to project.

Capital and Operating Costs

PV panels are available in a wide variety of
ratings up to 100 Wp and panels rated as high as
300 Wp are manufactured. Individual PV panels
can be connected to form arrays of any size. Pan-
els may be connected in series to increase the
array voltage, and can be connected in parallel to
increase the array current. This modularity
makes it easy to start out with a small array and
add additional panels later.

The costs of a PV array are driven by the cost
of the panels. Despite declining prices in the last
two decades, PV panels remain expensive. Retail
prices for panels bottom out at about $5,500 per
kWop. For bulk purchases, prices can go below
$4,000 per kWp. Warrantees typically are for 10
to 20 years. Current panels can be expected to
last in excess of 20 years. The remaining PV array
costs consist of mounts, wiring, and installation.
These are typically $1,000-$1,500 per kWp.

PV panels (not necessarily the remainder of
the system) are almost maintenance free. Mostly,
they just need to be kept clean, and the electrical
connections need periodic inspection for loose
connections and corrosion.

Wind Turbine Generators

Introduction

Wind turbines convert the energy of moving
air into useful mechanical or electrical energy.
Wind turbines need somewhat more mainte-
nance than a PV array but with moderate winds,
> 4.5 meters per second (m/s), will often pro-
duce more energy than a similarly priced array
of PV panels. Like PV panels, multiple wind tur-
bines can be used together to produce more
energy. Wind turbine energy production tends to
be highly variable; therefore wind turbines are
often best combined with PV panels or a genera-
tor to ensure energy production during times of
low wind speeds. This section will focus on
small wind turbines with ratings of 10 kW or
less.

Wind Turbine Components

The components common to most wind tur-
bines are shown in the diagram below. The
blades capture the energy from the wind. The
shaft connects the blades and the generator. In
small wind turbines, the shaft usually drives the
generator directly. Most small wind turbines use

Yaw
bearing

Figure 2.3. Typical wind turbine components

Bergey Windpower Co., Inc./PI1X02103
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a permanent magnet alternator for a generator.
These produce variable frequency (wild) AC that
the power electronics convert into DC current.

25
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rapidly with increasing wind
speed until it starts leveling off
as it approaches peak power.
The energy density in moving
air is proportional to the cube
of the velocity. Thus, until the
cut-out speed is reached, wind
turbines produce much more
power at higher wind speeds
than at lower wind speeds.
Most small turbines produce
peak power at about 12-15 m/s.
The turbine will produce at
peak power until the wind
speed reaches the turbine’s
“cut-out” speed. Cut-out
speeds usually range from 14 to
18 m/s. Cut-out occurs to pro-
tect the turbine from over spin-
ning in high winds. Most small
turbines cut-out by passively
tilting (furling) the nacelle and
rotor out of the wind. After cut-
out, wind turbine power out-
put usually does not decrease
to zero, but remains at
30%-70% of rated power.

Wind turbines are rated by their power out-
put at a specified wind speed, e.g., 10 KW at

The yaw bearing allows a wind turbine to rotate
to accommodate changing wind direction. The
tower supports the wind turbine and places it
above any obstructions.

Wind Turbine Performance
Characteristics

Awind turbine’s performance is character-
ized by its power curve. This relates wind tur-
bine power output to the hub-height wind
speed. Power curves for selected machines are
shown in Figure 2.4. Turbines need a minimum
wind speed, known as the “cut-in speed,” before
they start producing power. For small turbines,
the cut-in speed typically ranges from 3to 4 m/s.
After cut-in, wind turbine power increases

12 m/s. Usually this rating is at or near the wind
turbine’s peak power output. The wind speed at
which a turbine is rated is chosen arbitrarily by
the manufacturer.

The non-linear nature of the wind turbine
power curve makes long-term energy perfor-
mance prediction more difficult than for a PV
system. For long-term performance prediction ,
one needs the wind speed distribution rather
than just the average wind speed. Long-term
performance can then be calculated by integrat-
ing the wind turbine power curve over the wind
speed distribution. Wind turbine performance
may also depend upon the application for which
itis used.
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Wind Turbine Costs

Wind turbine prices vary more than PV panel
prices. Similar sized turbines can differ signifi-
cantly in price. This is caused by wide pricing
variations among different turbine manufactur-
ers and to widely varying tower costs based on
design and height. Installed costs generally vary
from $2,000 to $6,000 per rated kW. Unlike the
case for PV, wind turbines offer economies of
scale, with larger wind turbines costing less per
kW than smaller wind turbines.

Maintenance costs for wind turbines are vari-
able. Most small wind turbines require some
preventive maintenance, mostly in the form of
periodic inspections. Most maintenance costs
will probably be due to unscheduled repairs
(e.g., lightning strikes and corrosion). Gipe®b,
claims a consensus figure of 2% of the total sys-
tem cost annually.

Diesel Generators

Introduction

Generators consist of an engine driving an
electric generator. Generators run on a variety
of fuels, including diesel, gaso-
line, propane and bio-fuel.
Generators have the advantage
of providing power on demand
without the need for batteries.
Compared to wind turbines
and PV panels, generators have
low capital costs but high oper-
ating costs.

Cost and Performance

Diesel generators are the
most common type. They are
available in sizes ranging from
under 2.5 kKW to over 1 mega-
watt (MW). Compared to
gasoline generators, diesel gen-
erators are more expensive,
longer lived, cheaper to main-
tain, and consume less fuel.
Typical costs for small diesel

generators (up to 10 kW) are $800 to $1,000 per
kW. Larger diesels show greater economies of
scale, costing roughly $7,000-$9,000 plus ~$150
per KW. Typical diesel lifetimes are on the order
of 25,000 operating hours.” Overall maintenance
costs can be estimated to be 100% to 150% of the
capital cost over this 25,000-hour lifetime. Main-
tenance includes operator maintenance and
periodic overhauls. Larger diesels are usually
overhauled rather than replaced. Diesel genera-
tor fuel efficiency is generally 2.5-3.0 kWh/liter
when run at a high loading. Efficiency drops off
sharply at low loads. It is this poor low-load effi-
ciency that is the bane of many generator-only
systems. The generator must be sized to cover
the peak load, but then often runs at low load
much of the time.

Less common than diesels, gasoline genera-
tors cost less and are available in very small sizes
(as low as a few hundred watts). Otherwise,
gasoline generators are inferior in most respects
to their diesel counterparts. For sizes larger than
about 1 kW, prices range from $400 to $600 per
kW. The minimum price is roughly $400 regard-
less of size. Lifetimes are short, typically only
1,000 to 2,000 operating hours. Fuel efficiency is

Figure 2.5. A diesel generator is the typical source of power at small
rural hospitals. Smaller clinics may rely upon smaller gasoline
powered generators for emergency use only.

Ken Olson, SE1/P1X06495
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poor, peaking at roughly 2.0 kWh/liter. Part-
load fuel efficiency is worse than for diesel gen-
erators. Gasoline generators are best used when
the loads are very small or the anticipated run
hours total no more than roughly 400-600 hours
per year.

Given the previous discussion, several points
regarding the optimum use of generators
emerge. For maximum fuel economy, the genera-
tor should be run at a high load (> 60%). Con-
versely, low-load operation should be avoided.
Not only does this decrease the fuel efficiency,
but there is evidence that low-load operation
results in greater maintenance costs.

Batteries

Introduction

Batteries are electrochemical devices that
store energy in chemical form. They are used to
store excess energy for later use. By far the most
common type of battery is the lead-acid type. A
distant second are the nickel-cadmium types.
The remainder of this section discusses the lead-
acid battery.

Figure 2.6. A bank of deep-cycle, lead-acid
batteries provide energy to operate a vaccine
refrigerator 24 hours per day. Photovoltaic panels
or awind generator can recharge the batteries.

Battery Selection Considerations

Deep-Cycle versus Shallow-Cycle

While batteries are sized according to how
much energy they can store, in most cases a lead-
acid battery cannot be discharged all the way to a
zero state of charge without suffering damage in
the process. For remote power applications,
deep-cycle batteries are generally recommended.
They are designed to be discharged down to a
20%-50% state of charge. Shallow-cycle batter-
ies, such as car batteries, are generally not recom-
mended, though they are often used in small PV
systems because of the lack of any alternatives.
They can be prudently discharged only to an
80%—90% state of charge and will often be
destroyed by only a handful of deeper dis-
charges.

Flooded versus Valve Regulated

Flooded batteries have their plates immersed
in aliquid electrolyte and need periodic rewater-
ing. In contrast, in valve regulated batteries the
electrolyte is in the form of a paste or contained
within a glass mat. Valve regulated batteries do
not need rewatering. Flooded batteries generally
have lower capital costs than valve regulated
batteries, can withstand more extreme operating
conditions, and with proper maintenance, tend
to last longer. On the other hand, where mainte-
nance is difficult, valve regulated batteries may
be the better choice.

Lifetime

Battery lifetime is measured both in terms of
cumulative energy flow through the battery (full
cycles) and by float life. A battery is dead when it
reaches either limit. Afull cycle is the equivalent
of one full discharge and recharge. For example,
discharging a battery twice to 50% is one cycle.
For many batteries, as long as the battery state of
charge is kept within the manufacturer’s recom-
mended limits, the number of cycles is roughly
independent of how the battery is cycled.
Depending upon the brand and model, battery
lifetimes vary widely, ranging from less than 100
full cycles to more than 1500 full cycles. Float life
refers to how long a battery that is connected to a
system will last, even if it is never or only lightly
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used. Typical float lives for good quality lead-
acid batteries range between 3 and 8 years at
20°C (68°F). Note that high ambient tempera-
tures will severely shorten a battery’s float life. A
rule of thumb is that every 10°C (18°F) increase
in average ambient temperature will halve the
battery float life.

Costs

The storage capacity of a battery is com-
monly given in amp hours at a given rate of dis-
charge. When multiplied by the battery’s
nominal voltage (usually 2, 6, or 12 V), this gives
the storage capacity of the battery in KWh. This
storage capacity is not a fixed quantity, but
rather varies somewhat depending on the rate at
which the battery is discharged. A battery will
provide more energy if itis discharged slowly
than if it is discharged rapidly. In order to facili-
tate uniform comparison, most battery manufac-
turers give the storage for a given discharge
time, usually 20 or 100 hours.

Individual batteries used in RE and hybrid
systems are available in capacities ranging from
50 amp hours at 12 V to thousands of amp hours
at2V (0.5 kWh to several kWh).

The variations in cycle and float life,
described earlier, make comparison of the cost-
effectiveness of different batteries somewhat
problematical. As a general starting point, costs
are on the order of $70-$100 per KWh of storage
for batteries with lifetimes of 250 to 500 cycles
and float lives in the range of 3 to 8 years. There
will be additional one-time costs for a shed,
racks, and connection wiring.

Inverters

Introduction

Inverters convert DC to AC power. This capa-
bility is needed because PV panels, batteries, and
most small wind turbines produce DC power.
Most common electrical applications and
devices require AC power.

Types of Inverters

Inverters fall into one of three classes, square
wave, modified sine wave, and sine wave.
Square wave inverters are the least expensive
but their output, a square wave, is suitable only
for resistive loads such as resistance heaters.
Modified sine wave inverters produce a staircase
square wave that more closely approximates a
sine wave. This type of inverter is the most com-
mon. Most AC electronic devices and motors
will run on modified sine wave AC. Some sensi-
tive electronics, such as computers and stereo
equipment, may not work with modified sine
wave AC and require sine wave inverters. These
inverters can produce power that is indistin-
guishable from what comes out of the outlet, but
they cost more than the other types of inverters.

For off-grid applications the inverter must
have stand-alone capability, i.e., the inverter
does not need to be grid connected in order to
regulate voltage and frequency. High conversion
efficiency, especially at part load, is desirable. If
the system includes a generator, paralleling
capability allows the inverter to operate simulta-
neously with the generator.

Inverter Costs

Inverters are usually sized according to their
maximum continuous power output. Most
inverters however, are capable of handling sig-
nificantly more power than their rated size for
short periods of time. This surge capability is
useful for meeting the occasional oversized load
such as starting a motor.

Inverter costs are roughly $600-$1,000 per
kW for good quality modified sine wave invert-
ers. The technology for inverters larger than
5 kW is not as mature as for smaller inverters
and costs may be somewhat higher.
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Controllers/Meters/Balance
of Systems

Introduction

Controllers and meters act as the brains and
nervous system of an RE or hybrid system. Con-
trollers route the energy through the s