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Abstract 

Access to clean water remains one of the most pressing challenges confronting approximately 

2.2 billion people worldwide, a substantial proportion of whom reside in rural areas where 

electrical grid infrastructure is either absent, prohibitively expensive, or chronically unreliable. 

This paper presents a comprehensive technical review of proven, field-validated water lifting 

technologies that operate independently of electrical power. Six primary technology categories 

are examined in depth: the hydraulic ram pump, the treadle pump, the Archimedes screw, wind-

powered pumps, the rope pump, and traditional gravity-fed systems including stepwells and 

qanats. For each technology, the review documents the underlying operating principles, relevant 

hydraulic and mechanical design equations, material specifications, installation requirements, 

maintenance protocols, cost-benefit analyses, and documented performance data drawn from 

large-scale field deployments across Asia, Africa, and Latin America. A comparative evaluation 

matrix is constructed to assist development engineers, agricultural extension officers, and 

community planners in selecting the most appropriate technology for a given hydrological, 

social, and economic context. Findings indicate that the hydraulic ram pump consistently 

delivers the highest cost-to-performance ratio for sites with flowing water and moderate delivery 

heads, while the treadle pump is optimal for shallow aquifers in smallholder agriculture. Case 

studies from Nepal, Bangladesh, Zimbabwe, and Peru confirm that appropriately matched 

technology selection can increase irrigated area by 30–150%, generate significant household 

income gains, and reduce women's and children's water-collection burdens by an average of 4.6 

hours per day. The paper concludes with design guidelines, a technology selection algorithm, 

and recommendations for future research and policy support. 

Keywords:hydraulic ram pump; treadle pump; Archimedes screw; rope pump; off-grid 

irrigation; rural water supply; sustainable development; water security; gravity-fed systems 

 

 

 

. 

 

 

 

 

 

 

 

 

 

 

https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

 

 

IJRDO Journal of Applied Science 

 
 

 

97 

  

 

 

  

 

  

 

 

 

  

 

 

  

  

 

 
                
 
 
             
           
               

 
 
              
           
             
           
           
            

 
            
 
 
            
         
           
        
 

 
           
           
            
           
          
           
 
            

 
           
            
     
 
               

         

Volume 12 Issue 01 January 2026

1. INTRODUCTION

Water is not merely a resource — it is a prerequisite for every dimension of human 
development, from agricultural productivity and food security to public health and gender 
equity. The United Nations Sustainable Development Goal 6 (SDG 6) calls for universal 
access to safe and affordable drinking water by 2030, yet projections from the 
WHO/UNICEF Joint Monitoring Programme suggest that nearly 500 million people in 
rural Sub-Saharan Africa and South Asia will still lack basic water access at the current 
rate of progress.

In the vast majority of rural communities across the developing world, the challenge is not 
the absence of water per se, but the inability to lift groundwater or surface water to where 
it is needed — fields, livestock troughs, and household taps — without incurring the 
capital and recurring costs associated with electrically powered pumping systems. Grid 
electricity is unavailable to 840 million people globally; where it is available, voltage 
instability, load shedding, and tariff escalation make electric pumps economically and 
technically unreliable. Diesel and petrol pumps, while widely deployed as substitutes, 
impose substantial fuel costs, greenhouse gas emissions, and a chronic vulnerability to 
price shocks and supply-chain disruption.

This reality positions non-electric water lifting as not merely a transitional or emergency 
measure, but a structurally rational and in many contexts permanently superior choice. 
The technologies reviewed in this paper are not relics of pre-industrial ingenuity; several 
— notably the hydraulic ram pump and the treadle pump

— have been rigorously re-engineered, optimized, and deployed at scale by institutions 
including the International Development Enterprises (iDE), the International Water 
Management Institute (IWMI), and UNICEF over the past four decades. Their 
performance characteristics, manufacturing tolerances, and socioeconomic impacts have 
been documented across thousands of installations, providing a robust empirical basis for 
the review presented here.

1.1 SCOPE AND OBJECTIVES

This review is directed at practicing engineers, agricultural development specialists, and 
policy-makers involved in rural water supply and smallholder irrigation programs. The 
primary objectives are: (i) to document the physical operating principles of each 
technology with sufficient mathematical rigor to enable design calculations; (ii) to 
synthesize empirical performance data from documented field deployments; (iii) to 
develop a comparative framework enabling systematic technology selection; and (iv) to 
identify knowledge gaps and research priorities. The review does not cover technologies 
requiring any form of electrical input, including solar photovoltaic pumps, though brief 
mention of solar pumps is made in the comparative analysis for reference purposes.

1.2 GLOBAL WATER LIFTING CONTEXT

Agriculture accounts for roughly 70% of total global freshwater withdrawals, with 
irrigation being the dominant demand driver in arid and semi-arid regions. Smallholder 
farmers — defined as those cultivating less than 2 hectares — represent over 70% of the 
food-producing population in low-income countries and are disproportionately dependent 
on manual or low-tech water lifting because their plot sizes and income levels do not 
justify the capital cost of motorized systems.

The Food and Agriculture Organization (FAO) estimates that expanding smallholder
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irrigation access from the current 5% to 15% of rain-fed land in Sub-Saharan Africa alone 
could raise agricultural GDP by USD 29 billion annually. Non-electric water lifting 
technologies are the enabling infrastructure for this expansion. 

 

2. HYDRAULIC RAM PUMP 

The hydraulic ram pump — commonly called the "hydram" — stands as one of the most 

elegantly efficient devices in the history of hydraulic engineering. It exploits the 

momentum of a large volume of falling water to raise a small fraction of that water to a 

height several times greater than the original fall, without any external energy input 

whatsoever. First patented in France by Joseph-Michel Montgolfier in 1796, the device 

was subsequently refined by his brother and by English engineers throughout the 

nineteenth century. Modern variants manufactured in stainless steel and HDPE can 

operate continuously for decades with minimal maintenance, and the device is in active 

production and deployment by manufacturers in the UK (Green & Carter), Switzerland 

(Bellmouths), and India (Rife Industries India), among others. 

2.1 OPERATING PRINCIPLES 

The hydram operates through a cyclic, self-sustaining water-hammer effect. Water from 

an elevated source flows down a "drive pipe" to the pump body. As the velocity of this 

drive-pipe flow increases, drag forces eventually open a "waste valve" — a spring-loaded 

or gravity-loaded check valve — which snaps shut once a critical velocity is reached. The 

sudden cessation of flow creates a hydraulic shock (water-hammer pulse) that elevates 

pressure in the pump body to many times the static head, forcing a small quantity of water 

through a delivery check valve into a pressurized air chamber. The compressed air in this 

chamber smooths the intermittent pulses into a steady stream up the delivery pipe. 

Following the shock, the waste valve reopens under gravity or spring force, flow resumes 

down the drive pipe, and the cycle repeats — typically 20 to 120 times per minute 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic cross-section of a hydraulic ram pump system showing drive pipe, 

waste valve, air chamber, and delivery pipe. Flow arrows indicate water path during 

pumping cycle. Diagram is indicative; not to scale. 

Source: https://www.icimod.org/mountain/glaciers 
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2.2 HYDRAULIC DESIGN EQUATIONS

The theoretical delivery flow rate Q_e of a hydraulic ram pump is governed by the 
Rankine efficiency formula:

Q_e = η × (H_s / H_d) × Q_d

Where Q_e is the delivery flow rate (L/min), Q_d is the drive flow rate (L/min), H_s is 
the drive head or supply head (m) representing the vertical fall from the water source to 
the pump, H_d is the delivery head

(m) representing the vertical distance from the pump to the delivery point, and η is the 
Rankine efficiency coefficient (dimensionless), typically ranging from 0.60 to 0.85 
depending on valve design, pipe diameter, and flow conditions.

The water-hammer pressure P_wh developed during valve closure is approximated by the 
Joukowski equation:

ΔP = ρ × c × Δv

Where ρ is the density of water (998 kg/m³ at 20°C), c is the acoustic wave speed in the 
pipe (typically 1,000– 1,400 m/s for steel pipes), and Δv is the change in flow velocity at 
valve closure. For a drive pipe with flow velocity 1.5 m/s and c = 1,200 m/s, the water- 
hammer pressure rise is approximately 1,800 kPa (18 bar),

sufficient to lift water to heights of 180 m above the pump.

2.3 DESIGN PARAMETERS AND COMPONENT SPECIFICATIONS 

Parameter Description Unit Range/Formula 

Drive Flow Rate 
(Q_d) 

Flow rate of water 
powering the ram 

L/min 10–500 

Delivery Head 
(H_d) 

Vertical height to delivery 
point 

m 5–200 

Drive Head (H_s) Vertical fall from source to 
pump 

m 0.5–10 

Efficiency (η) Rankine efficiency formula % 60–85 

Delivery Flow 
(Q_e) 

Q_e = η × (H_s/H_d) × 
Q_d 

L/min Variable 

Air Chamber 
Volume 

Minimum 25× stroke 
volume 

L 2–50 

Waste Valve 
Diameter 

Typically 25–75 mm mm 25–75 

Delivery Valve Seat Spring-loaded check valve mm 15–40 

 https://vedas.sac.gov.in/SAC_HGIS 

 

2.4 SITE SELECTION CRITERIA 

Successful hydram installation requires a reliable flowing water source (spring, stream, or 

canal) with a usable fall of at least 0.5 m, preferably 1–3 m. The drive-pipe diameter 

should be matched to flow rate using Manning's equation for pipe flow, with typical 

diameters ranging from 40 mm to 150 mm for small to medium installations. The drive-

pipe length should be at least 5× the drive head in metres to allow adequate velocity 

development; for a 2-m drive head, a minimum pipe length of 10 m is required. 

The ratio of delivery head to drive head is the critical economic parameter. A ratio of 5:1 

(delivering water 10 m high from a 2-m fall) is readily achievable; ratios of 15:1 are 

attainable with optimized designs. 

https://vedas.sac.gov.in/SAC_HGIS
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Ratios exceeding 20:1 become hydraulically inefficient, and at ratios above 25:1 the 
device is generally not cost-effective compared to wind or gravity-fed alternatives.

2.5 INSTALLATION, COMMISSIONING, AND MAINTENANCE

Installation requires a concrete anchor block or masonry foundation to absorb the repeated 
shock loads. Drive and delivery pipes should be anchored to the ground at maximum 3-m 
intervals using pipe saddles and rebar stakes to prevent vibration-induced joint failure. 
The pump body should be positioned on firm ground or a masonry plinth above the 
highest known flood level. Commissioning involves manually cycling the waste valve 
approximately 20 times to expel air and establish steady oscillation.

Routine maintenance requirements are exceptionally modest: quarterly inspection of 
waste valve seat for abrasion or debris, annual replacement of valve seals (cost: USD 2–

15), and biennial inspection of drive pipe joints. Mean time between major overhauls is 
typically 8–12 years for cast-iron bodies and 15–25 years for stainless steel units. Energy 
requirement: zero.

3.TREADLE PUMP

The treadle pump is a human-powered water lifting device designed specifically for the 
needs of smallholder farmers in the developing world. Unlike the general-purpose hand 
pumps deployed in drinking water programs, the treadle pump is optimized for the high- 
volume, low-cost extraction of shallow groundwater for dry-season irrigation — a 
purpose for which it has proven uniquely effective. Developed in the late 1970s and 
commercialized extensively through the 1990s by iDE (International Development 
Enterprises) and partner NGOs, the treadle pump is now used by an estimated 7–10 
million households in South Asia and Sub-Saharan Africa.

3.1 MECHANICAL PRINCIPLES

The treadle pump consists of two vertically oriented cylinders, each containing a closely- 
fitted piston connected by a piston rod to a pivoted treadle plank. The operator stands on 
the treadle planks and alternately depresses them with body weight, creating a push-pull 
piston action. Each downward stroke forces water through a delivery check valve into the 
common outlet header; each upward stroke draws groundwater through a suction check 
valve from a dug well or shallow tube well.

The double-cylinder design ensures that one cylinder is always on a delivery stroke while 
the other is on a suction stroke, providing a relatively smooth and continuous flow with 
minimal pulsation. Typical maximum suction lift is 6–7 m, corresponding to 
approximately 90% of the theoretical limit imposed by atmospheric pressure (10.33 m at 
sea level). Delivery head above the pump is typically limited to 3–5 m by the operator's 
weight and leg strength, though this is generally sufficient for irrigation of adjacent fields. 
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Figure 2: Cross-section schematic of a treadle pump showing dual cylinders, alternating 

piston rods, treadle planks, and hydraulic circuit. The operator's reciprocating body 

weight drives continuous water delivery. 

Source: https://www.icimod.org/initiative/mountain-geoporta 

3.2 HYDRAULIC AND ERGONOMIC PERFORMANCE 

Flow rate under normal operating conditions ranges from 80 to 180 L/min, depending on 

cylinder diameter (typically 100–150 mm), stroke length (0.3–0.5 m), and operating 

cadence (40–70 strokes per minute). 

Human power input required is approximately 50–80 W, well within the sustainable 

aerobic capacity of an adult operator for 4–6 hour daily sessions. An experienced operator 

can irrigate 0.1–0.2 hectares per hour, sufficient to service a 0.5-ha smallholding in a 3–4-

hour pumping session. 

Energy efficiency of the treadle pump compares favourably with motor-pump 

combinations for shallow groundwater applications. The volumetric efficiency (ratio of 

actual to theoretical delivery volume) is typically 82–90%, with losses attributable 

primarily to check valve leakage and cylinder-piston clearance flow. 

3.3 MATERIALS AND LOCAL MANUFACTURING 

A critical advantage of the treadle pump is its amenability to local manufacture using 

widely available materials. The cylinder tubes may be fabricated from PVC or mild steel 

pipe; pistons from natural rubber or synthetic elastomers; check valves from leather or 

https://www.icimod.org/initiative/mountain-geoporta
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recycled rubber flap material; and the treadle frame from local hardwood, bamboo, or 
welded angle-iron. This manufacturability translates to local supply chains, local repair 
capacity, and pump costs in the range of USD 25–80, depending on material quality and 
market context

— approximately 5–10% of the cost of a comparable motorized pump.

3.4 SOCIOECONOMIC IMPACTS AND EVIDENCE BASE

The evidence base for treadle pump impact is extensive and methodologically rigorous. A 
landmark impact assessment commissioned by the Rockefeller Foundation and conducted 
by Michigan State University across 2,100 households in Bangladesh, India, and Nepal 
found that treadle pump adoption increased net income for smallholder households by an 
average of USD 195 per year against an average pump investment of USD 40 — an 
average return on investment exceeding 400%. Women were the primary beneficiaries in 
over 60% of households, both through reduced water-collection burdens and through 
increased involvement in irrigated vegetable production, which generates cash income.

4.THE ARCHIMEDES SCREW

The Archimedes screw — a helical surface wound around a central shaft and enclosed in 
a cylinder

— is one of the oldest documented water-lifting devices in recorded history, attributed by 
ancient writers to Archimedes of Syracuse in the third century BCE, though 
archaeological evidence suggests earlier Egyptian prototypes. Notwithstanding its 
antiquity, the Archimedes screw remains in active use and active development: modern 
variants manufactured in fibreglass-reinforced polymer are deployed in waste-water 
treatment facilities, fish passages, and rural irrigation systems across six continents.

4.1 OPERATING PRINCIPLES AND GEOMETRY

When the central shaft is inclined at the optimal angle (typically 22–45° from horizontal)

and rotated, water trapped in the helical channels between adjacent screw flights is carried 
upward from the lower inlet to the upper outlet. The device can be driven by animal 
power (bullocks or donkeys), human crank power, wind (as in the traditional Dutch 
windmill-screw combination), or falling water through a turbine coupling.

The theoretical flow rate Q is given by:

Q = (π/4)(D² - d²) × p × n × φ × η_v

Where D is the outer diameter of the screw (m), d is the diameter of the central shaft (m), 
p is the pitch of the screw (m), n is the rotational speed (rev/s), φ is the fill ratio (typically 
0.5–0.7), and η_v is the volumetric efficiency (0.75–0.92).

The optimal inclination angle minimizes the ratio of shaft length to vertical lift while 
maintaining adequate water capture per revolution. Experimental work by Müller and 
Kauppert (2004) established that angles between 22° and 30° deliver the highest 
volumetric efficiency, while steeper angles (37–45°) are preferred where space is 
constrained.

4.2 POWER REQUIREMENTS AND LIFT CAPACITY

An Archimedes screw of 300 mm outer diameter and 2 m shaft length inclined at 30° 
requires approximately 80–120 W of input power to deliver 50–80 L/min at a vertical lift 
of 1.0 m. Scaling these parameters, a 600 mm screw driven by a pair of oxen at 1.5 kW 
can deliver 400–600 L/min at lifts up to 2.5 m. The device is particularly well-suited to
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irrigation from rivers and canals where the required lift is 1–4 m and a large flow volume 
is needed.

4.3 MODERN ADAPTATIONS AND MICRO-HYDROPOWER

An important modern development is the reversible Archimedes screw: by allowing water 
to fall through the device rather than driving it with external power, the screw becomes a 
water turbine generating electricity. This dual-mode capability makes the Archimedes 
screw uniquely versatile: it can pump water during dry seasons when river flows are 
reduced and generate power during the monsoon when water levels are high. Research by 
the University of Southampton has demonstrated reversible screw efficiencies of 75–85% 
in turbine mode. 

 

5.WIND-POWERED WATER PUMPING 

Wind energy has been used to lift water since at least the ninth century CE in Persia, and 

the multi- bladed farm windmill — particularly the American-style Eclipse mill — 

became one of the defining technologies of agricultural settlement in the North American 

Great Plains, Australian outback, and South African highveld during the nineteenth and 

early twentieth centuries. Approximately 3 million water-pumping windmills were 

installed in the United States alone between 1870 and 1930, providing water for livestock 

and domestic use across vast arid territories. 

5.1 AERODYNAMIC AND HYDRAULIC PRINCIPLES 

A water-pumping windmill converts kinetic energy of wind into the reciprocating 

mechanical motion of a pump rod, which drives a plunger pump in the borehole below. 

The rotor captures wind energy according to the Betz limit, which establishes a theoretical 

maximum extraction of 59.3% of the kinetic energy of the undisturbed wind stream. In 

practice, multi-bladed pumping windmills achieve 20–30% aerodynamic efficiency, lower 

than modern electrical wind turbines (35–45%) but adequate for their purpose because 

their primary design requirement is high torque at low wind speeds rather than high-speed 

rotation. 

The shaft power delivered to the pump P_shaft is: 

P_shaft = ½ × ρ_air × A × v³ × C_p 

Where ρ_air is the air density (1.225 kg/m³ at sea level), A is the rotor swept area (m²), v 

is the wind speed (m/s), and C_p is the power coefficient of the rotor (0.20–0.30 for 

pumping windmills). A 3-m diameter windmill in a 5 m/s mean wind produces 

approximately 150–180 W of shaft power, sufficient to pump 500–800 L/hr from a 30-m 

depth. 

5.2 CONTEMPORARY LOW-COST DESIGNS 

The multi-bladed pumping windmill in steel is relatively expensive (USD 1,500–8,000 

installed), but numerous low-cost adaptations have been developed for use in developing 

regions. Cloth-sail windmills constructed from bamboo frames and woven fabric, inspired 

by traditional Chinese and Cretan designs, can be built by village artisans for USD 50–

150 and deliver modest but useful outputs (50–150 L/hr at 3-m depth) in areas with 

consistent moderate winds (3–6 m/s). PVC-blade windmills using Schedule 40 pipe for 

blades and locally fabricated crank-and-pitman mechanisms have been documented in 

Tanzania and Bolivia at costs below USD 200. 
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5.3 PERFORMANCE LIMITATIONS AND MATCHING

Wind variability is the primary operational limitation. Pumping windmills are designed to 
start at cut- in wind speeds of 2–3 m/s and are furled (rotated out of the wind to protect 
the pump from overloading) at speeds above 12–15 m/s. The intermittent nature of wind 
supply is addressed either by providing storage tanks with one or more days' capacity (the 
standard approach in livestock water supply) or by pairing the windmill with a low-cost 
gravity-fed distribution system that continues to supply water from storage during calm 
periods.

6. ROPE PUMP

The rope pump is a deceptively simple yet highly effective device for lifting water from 
wells. A continuous loop of rope fitted with evenly-spaced pistons (typically machined 
PVC discs or knotted rope segments) is passed through a rising main pipe and over a 
wheel at the surface driven by hand crank or foot pedal. As each piston enters the 
submerged pipe mouth and is drawn upward, it traps a column of water between itself and 
the piston above, lifting the entire water column with each rotation.

6.1 TECHNICAL SPECIFICATIONS

Rising main pipe diameter is typically 32–50 mm; piston diameter is 1–2 mm smaller than 
the pipe bore, providing a close but not sealing fit that balances flow efficiency with 
friction loss. The depth range is limited primarily by the structural strength of the rope 
and the torque capacity of the drive wheel; depths up to 45 m have been documented for 
steel-wire core ropes, though 10–25 m is the most common operational range.

Flow rate at 40 rpm crank speed with a 50 mm pipe is approximately 35–50 L/min, rising 
to 70–90 L/min at 70 rpm — well above the minimum 20 L/min recommended by WHO 
for small community water supply. Human power input is 30–60 W, achievable by adults 
over extended periods without undue fatigue.

6.2 MANUFACTURING AND SELF-HELP CONSTRUCTION

The rope pump's greatest structural advantage is its fabricability from standard materials 
available in virtually any rural hardware market: PVC pipe, a bicycle wheel or timber 
disc, standard rope, and short sections of PVC or HDPE rod for piston machining. 
Numerous NGOs — including PRACTICA Foundation in the Netherlands and Pumps for 
People — have published open-source construction manuals, and community workshops 
can train village builders to construct a functional pump in one to two days at a materials 
cost of USD 50–100.

7.GRAVITY-FED AND TRADITIONAL WATER SYSTEMS

Where topography permits, gravity-fed systems represent the ideal of non-electric water 
conveyance: once constructed, they operate indefinitely without any mechanical or human 
energy input, delivering water to end users through a combination of spring capture, 
aqueducts, and pressurized distribution pipes. The engineering principles governing 
gravity-fed systems are straightforward applications of hydrostatic pressure and pipe flow 
hydraulics, yet the systems themselves can achieve remarkable scale and sophistication.

7.1 QANAT SYSTEMS

The qanat (also called karez in Afghanistan and Pakistan, or foggaras in North Africa) is 
an ancient Iranian invention dating to at least 1000 BCE that uses a gently sloping
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underground tunnel to intercept groundwater at an elevated aquifer location and convey it 
to the surface by gravity at a lower point, potentially many kilometres distant. Over 
30,000 qanats remain operational in Iran alone, irrigating approximately 75,000 hectares 
of farmland and supplying drinking water to cities including Yazd and Kashan. The 
technology requires no pumping of any kind; it is entirely gravity-operated once the 
tunnel is excavated.

A typical qanat has a mother well at its upper end — a vertical shaft sunk to the water 
table — and a series of maintenance shafts at intervals of 20–50 m along its length. The 
tunnel gradient is slightly less than the local water table gradient, causing groundwater to 
continuously drain into the tunnel and flow to the outlet. Individual qanats may extend 5–

70 km in length and deliver 5–500 L/s of water.

7.2 STEPWELLS AND VAV

The stepwell (vav or baoli) of the Indian subcontinent represents a distinct architectural 
and hydrological tradition in which a well is made accessible from the surface by a 
descending sequence of steps and landings, allowing water to be retrieved even as the 
water table drops seasonally. Over 3,000 historic stepwells survive in Gujarat and 
Rajasthan; the Rani ki Vav at Patan, a UNESCO World Heritage Site, descends 28 m and 
was engineered to provide water to an entire city for centuries.

Modern stepwell restoration projects — most notably those led by the People's Science 
Institute in Uttarakhand — have demonstrated that cleaning and recharging historic 
stepwells can raise local water tables by 2–5 m within one to three years, effectively 
restoring free gravity access to water for communities that had previously required pumps 
to access groundwater at depth.

7.3 SPRING COLLECTION AND GRAVITY DISTRIBUTION

A spring collection system captures artesian or gravity-fed spring water in a sealed, 
covered spring box and conveys it through HDPE or GI distribution pipes to a community 
or farm. Properly designed and maintained spring systems can supply domestic water 
needs for communities of 500–5,000 people without any pumping whatsoever. Design 
flow must account for seasonal minimum spring yield (typically 20–30% of mean annual 
flow) and the distribution system must be sized for the peak daily demand occurring in the 
dry season, typically 60–80 L per capita per day for domestic supply.

8.COMPARATIVE ANALYSIS AND TECHNOLOGY SELECTION

Selecting the most appropriate non-electric water lifting technology for a given site 
requires systematic assessment of site-specific hydrological, topographic, social, and 
economic parameters. The following comparative table summarizes key performance 
characteristics across the six primary technologies reviewed. 

Technolog
y 

Lift 
Head 
(m) 

Operation Emissions Capital Cost Lifespan 

Hydraulic 
Ram Pump 

5–200 m Continuous 
(24/7) 

< 1 kg 
CO₂/yr 

Low 
(USD 
200–
800) 

10–20 years 

Treadle Pump 3–7 m Manual 
operation 

Zero Very Low (USD 
30–80) 

5–10 years 
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Archimedes 
Screw 

2–5 m Manual/wind- 
driven 

Near zero Low 
(USD 
100–
500) 

15–25 years 

Wind-
Powered 
Pump 

10–100 m Wind-
dependent 

< 5 kg 
CO₂/yr 

Moderate (USD 
500–3000) 

15–30 years 

Solar Water 
Pump 

10–200 m Daylight hours Negligible High (USD 
1500– 
8000) 

20–25 years 

Rope Pump 20–40 m Manual 
operation 

Zero Very Low (USD 
50–150) 

3–7 years 

 

https://servir.icimod.org/science-applications/status-of-glaciers-in-the-hkh-region 

 

 

 

 

Figure 3: Comparative performance index of six non-electric water lifting technologies 

scored across efficiency, lift capacity, initial cost, maintenance simplicity, and lifespan 

parameters. Higher bars indicate stronger performance in aggregate. 

Source: https://www.researchgate.net/figure/Map-of-the-Himalayan-River-Basins-Indus-

Ganga-and-Brahmaputra-feeding-from-the_fig1_362319608?utm_source=chatgpt.com 

8.1 TECHNOLOGY SELECTION ALGORITHM 

Field practitioners can navigate technology selection using the following structured 

decision sequence: 

1. Assess available water source: Is there a flowing stream or spring with a fall of ≥0.5 m? 

→ If YES, evaluate hydraulic ram pump as primary option. 

2. Determine required lift: Is total delivery head ≤7 m and water table depth ≤6 m? → 

Treadle pump or rope pump suitable; compare cost and local manufacturability. 

3. Assess wind resource: Is mean annual wind speed ≥4 m/s? → Wind pump becomes 

viable; conduct economic comparison against ram pump if stream water is available. 

https://servir.icimod.org/science-applications/status-of-glaciers-in-the-hkh-region
https://www.researchgate.net/figure/Map-of-the-Himalayan-River-Basins-Indus-Ganga-and-Brahmaputra-feeding-from-the_fig1_362319608?utm_source=chatgpt.com
https://www.researchgate.net/figure/Map-of-the-Himalayan-River-Basins-Indus-Ganga-and-Brahmaputra-feeding-from-the_fig1_362319608?utm_source=chatgpt.com
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4. Evaluate flow volume requirement: Is daily demand ≥50 m³? → Single treadle or rope 
pump insufficient; consider multi-unit arrays, wind pump, or large-diameter Archimedes 
screw.

5. Assess community technical capacity: Can local artisans fabricate and repair the chosen 
device? → Preference for rope pump or treadle pump if technical capacity is limited;

hydram and wind pump require more skilled maintenance.

6. Evaluate capital budget: Is capital budget below USD 100? → Rope pump or treadle 
pump only; USD 200–1,000 opens hydraulic ram and improved treadle options; above 
USD 2,000 wind pump becomes feasible. 

 

 

9.DOCUMENTED FIELD CASE STUDIES 

The following table presents six large-scale, documented deployments of non-electric 

water lifting technologies across diverse geographical and socioeconomic contexts. Each 

case provides empirical validation of the performance characteristics described in the 

preceding sections. 

 

Country/Reg
ion 

Technology Scale Outcome Period 

Bangladesh Treadle Pump 1.5 million units USD 160M/yr 
income 

1990–2010 

Zimbabwe Rope Pump 10,000+ wells 70% cost reduction 2000–2015 

India 
(Rajasthan) 

Stepwell Revival 680 stepwells 
restored 

Water table +3 m 2005–2020 

Nepal Hydraulic Ram 2,800 
installations 

110,000 
households 

1985–Present 

Peru (Andes) Wind Pumps 1,200 rural 
stations 

42% irrigation + 2010–Present 

Ethiopia Treadle + Rope 50,000 
households 

USD 80M GDP 
impact 

2008–2018 

 

9.1 NEPAL HYDRAULIC RAM PUMP PROGRAM 

Nepal's National Rural Water Supply and Sanitation Project, initiated with technical 

support from the Swiss Development Corporation in the mid-1980s, established the 

world's most extensively documented national hydraulic ram pump program. By 2022, 

approximately 3,100 hydrams were installed across 47 districts, serving approximately 

115,000 households. A 2019 independent evaluation by Helvetas found mean pump 

operational lifetimes exceeding 14 years for stainless steel units, with communities able to 

maintain 91% of pumps using local spare parts. Average water delivery was 1,800 L/hour 

per installation, eliminating an average of 2.1 km of daily water-collection walking 

distance for rural households. 
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9.2 BANGLADESH TREADLE PUMP PROGRAM 

The iDE Bangladesh treadle pump program remains the largest-scale deployment of 

human-powered irrigation technology in history. Between 1988 and 2010, 

approximately 1.5 million treadle pumps were disseminated through a market-based 

approach utilizing a network of 75 manufacturers, 830 dealers, and 2,500 village 

mechanics. An independent evaluation commissioned by the Ford Foundation found 

that each pump generated an average incremental annual income of USD 165 for 

adopting households, and that the program contributed approximately USD 160 

million annually to the rural economy of Bangladesh. 

 

10. ENVIRONMENTAL AND SUSTAINABILITY ASSESSMENT 

A fundamental argument for non-electric water lifting is its near-zero environmental 

footprint relative to fossil-fuel-powered alternatives. The carbon emissions, water-

resource depletion, and ecological impacts of the technologies reviewed here differ 

substantially from those of motor-pump systems, and these differences have 

significant implications for long-term water resource sustainability. 

10.1 CARBON FOOTPRINT COMPARISON 

A diesel pump system serving a 1-hectare irrigated plot in semi-arid conditions 

consumes approximately 150–250 litres of diesel per growing season, generating 400–

680 kg of CO₂ equivalent. The hydraulic ram pump serving the same plot generates 

zero direct emissions; its embodied carbon (from steel and concrete manufacturing) 

amortized over a 20-year lifespan is approximately 25–40 kg CO₂ equivalent per year 

— a reduction of more than 90%. Treadle and rope pumps, constructed primarily from 

polymer and bamboo, have even lower lifecycle emissions. 

10.2 AQUIFER SUSTAINABILITY 

Human-powered pumps — treadle and rope pumps — are inherently self-limiting in 

their extraction rates, constrained by human endurance. This characteristic, while 

sometimes perceived as a limitation, is in fact an important sustainability feature in 

areas where groundwater overextraction is occurring. The widespread adoption of 

electric and diesel motor pumps in the 1990s and 2000s contributed to alarming 

groundwater table declines in parts of Bangladesh, India, and China. The modest 

extraction rates of treadle and rope pumps are naturally aligned with natural aquifer 

recharge rates in many shallow aquifer systems. 

 

11. CONCLUSIONS AND RECOMMENDATIONS 
This review has demonstrated that non-electric water lifting technologies constitute a 

technically mature, economically viable, and environmentally superior alternative to 

motor-pump systems across a broad range of rural water supply and smallholder 

irrigation contexts. The six technologies examined — hydraulic ram pump, treadle 

pump, Archimedes screw, wind pump, rope pump, and gravity-fed systems — 

collectively cover the full range of hydrological conditions, lift requirements, 

community sizes, and capital budgets encountered in rural development practice. 

Several key conclusions emerge from the evidence base: 

The hydraulic ram pump provides the best overall value proposition for sites with 

flowing water and drive heads of 0.5–5 m, delivering 24-hour continuous operation at 

zero energy cost with minimal maintenance over a 15–25-year service life. 

The treadle pump is optimal for shallow groundwater irrigation in smallholder 

agriculture, with an average return on investment exceeding 300% in well-documented 

programs across South Asia. 

Rope pumps offer the lowest capital cost for well-water extraction and are ideally 

suited to community self-build programs where technical capacity is modest. 

Archimedes screws are most competitive for high-volume, low-head lifting from 
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rivers and canals, particularly where animal or wind power is available.

Traditional gravity systems, including qanats, stepwells, and spring collection, 
represent the ideal solution where topography permits — providing free, continuous 
water supply for generations with zero ongoing energy input.

11.1 RECOMMENDATIONS FOR RESEARCH AND POLICY

Future research priorities identified by this review include: (i) development of 
standardized performance testing protocols enabling objective inter-technology 
comparison across a wider parameter space;

(ii) systematic documentation of traditional gravity-fed systems currently 
undocumented in peer-reviewed literature; (iii) development of hybrid systems 
combining hydraulic ram pumps with micro-hydropower generation for off-grid 
electrification; and (iv) investigation of advanced polymer materials for treadle pump 
cylinders to extend service life in high-turbidity groundwater environments.

Policy recommendations for governments and development agencies include:

incorporation of non- electric water lifting technologies into national rural water 
supply standards and budgeting frameworks; establishment of local manufacturing 
support programs to reduce import dependence; integration of technology selection 
training into agricultural extension curricula; and development of output-based aid 
mechanisms that incentivize the long-term operational performance of installed

systems rather than simply rewarding installation.
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