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The movement of liquids and gases is fundamental to both biological life and industrial civilisation. Vegetation 
transports immense quantities of water from soil to atmosphere, exchanges carbon dioxide and oxygen. It regulates 
these flows through distributed biological structures powered largely by solar energy, evaporation and gradients of 
water potential. Industry performs analogous fluid-handling functions through pumps, compressors and vacuum 
pumps, but with concentrated energy inputs and measurable environmental consequences. This article examines the 
relationship between biological and industrial flow systems, from the human heart and individual trees to planetary 
vegetation and continuously operating industrial machinery. The purpose is not to claim equivalence between nature 
and engineering, but to use comparison as a disciplined form of observation. It leads to a practical question for 
manufacturers and users worldwide: should machinery be judged mainly by purchase price and initial efficiency, or by 
the efficiency, reliability, maintainability and useful service it can preserve over decades? Nature cannot be reproduced 
by engineering, but it remains one of engineering’s most important teachers.

     Industrial Scale, Energy and Responsibility

Industrial success is often measured through turnover, market share, installed base or the number of machines 
sold. These indicators matter, but they do not describe the complete value of an industrial product. For 
equipment that may operate continuously for many years, purchase price is only one component of cost. Energy 
consumption, maintenance, reliability, repairability and useful life become normally more important than the 
initial investment.

The environmental scale of this issue is substantial. The IEA (International Energy Agency) 4E Electric Motor 
Systems Platform reports that electric motors and motor systems in industrial, infrastructure and building 
applications, including pumps, fans and compressors, account for 53% of global electricity consumption [1]. The 
IEA also reports that the average carbon intensity of global electricity generation was about 445 g CO₂/kWh in 
2024 [2].

For equipment operating 24 hours a day, seven days a week, even modest differences in efficiency accumulate 
into large quantities of electricity and associated emissions over time. The relevant engineering question is 
therefore not only how efficiently a machine performs when commissioned, but how efficiently it continues to 
perform after years of operation.

Designers, manufacturers, system integrators and users share responsibility for this outcome. Selection, sizing, 
control strategy, maintenance access, internal wear, service practices and the possibility of economical overhaul 
all influence lifetime performance. A machine that is efficient when new is not necessarily an efficient machine 
over its complete life.

     Durability, Obsolescence and Climate

Durability is sometimes treated as a conservative value, as if long service life was in tension with innovation. In 
industrial machinery, the opposite can be true. A product that remains safe, serviceable and efficient for a long 
period preserves the materials, manufacturing energy, transport, installation work and technical knowledge 
already invested in it. If its efficiency is maintained, it also prevents the gradual accumulation of avoidable 
energy consumption.

Frequent repair or premature failure does not, by itself, prove ‘planned obsolescence’. This term should be 
reserved for deliberate technical or commercial practices intended to shorten useful life or encourage 
unnecessary replacement. Nevertheless, poor maintainability, avoidable efficiency degradation and 
unnecessarily short service life remain legitimate engineering and environmental concerns.

The European Union has addressed certain consumer-market practices associated with premature 
obsolescence through Directive (EU) 2024/825. Member States were required to adopt implementing 
measures by 27 March 2026 [3]. This is a European legal example, not a global rule and not a direct regulatory 
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framework for most industrial machinery. Its wider relevance lies in the principle that durability claims should 
be truthful and that unnecessary replacement should not be encouraged through misleading practices.

For industrial decision-makers worldwide, the deeper question is cultural rather than jurisdictional: whether 
durability, repairability and stable lifetime efficiency are treated as core design requirements or subordinated to 
short-term commercial priorities. Financial success is essential to industrial continuity, but long-term value is 
strongest when commercial performance and engineering responsibility reinforce one another.

The consequences of industrial choices do not stop at national borders. Atmospheric pollution, greenhouse-gas 
emissions, water stress, resource extraction and biodiversity loss are global phenomena. Climate change is an 
especially clear example. Copernicus confirmed 2024 as the warmest year in the observational record and the 
first calendar year with a global-average surface temperature more than 1.5°C above the 1850 - 1900 
pre-industrial reference level [4].

The IPCC (Intergovernmental Panel on Climate Change) has documented widespread impacts of 
human-caused climate change on terrestrial, freshwater and marine ecosystems, water security and more, 
across the world [5]. The appropriate response is therefore not a regional rhetoric of virtue, but practical 
attention to resource use and lifetime performance wherever industrial equipment is designed, purchased and 
operated.

Environmental responsibility exists at very different scales. It includes ordinary domestic actions that avoid 
unnecessary consumption and it includes investment decisions concerning machinery with power ratings 
measured in tens, hundreds or thousands of kilowatts. The scale changes; the principle does not: resources 
should be used with purpose and their consequences should be considered over time.

    Nature as the First Teacher of Art and Technology

Nature has shaped human culture long before the emergence of modern engineering. Leaves, flowers, animals, 
landscapes, natural symmetry and the proportions of the human body have influenced painting, sculpture, 
architecture, music, literature and decorative arts. Observation of birds contributed to the long effort to 
understand flight; branching structures, shells, fibers and biological surfaces continue to inspire technical 
research.

Art and engineering share this origin in observation. The artist interprets form, movement and meaning; the 
engineer studies structure, function, energy and material. Both depend on attention. The value of nature as a 
technical reference does not lie in idealizing it. Nature is evolutionary, variable and often redundant. Organisms 
survive through adaptation, repair, reproduction and interaction with their surroundings.

That distinction matters for the comparisons that follow. A tree is not a mechanical pump, a forest is not a 
compressor station, and a heart is not an industrial positive-displacement machine. Their purposes, materials 
and energy sources differ fundamentally. Yet comparison can still be useful when it is restricted to shared 
physical questions: how fluids move, how pressure differences are maintained, how flow is regulated, how 
systems adapt to changing conditions and how function is preserved over time.

Water is one of the essential conditions of known life. It transports nutrients, supports biochemical reactions, 
regulates temperature and is crucial in reproductive processes. In plants, carbon dioxide enters mainly through 
stomata, oxygen is produced during photosynthesis, water vapour leaves through transpiration and water with 
dissolved substances moves through vascular tissues. The movement of liquids and gases is therefore not an 
auxiliary feature of life. It is one of its organising principles. From microscopic cells to the largest animals and 
trees, living systems depend on transport across membranes, through vessels and between specialised 
tissues.

This perspective also places human engineering in context. Pumps, compressors and vacuum pumps perform 
essential tasks in manufacturing, food production, medicine, water treatment, electronics, packaging, energy 
and many other activities. They are not opposed to nature simply because they are machines. The 
environmental question concerns how intelligently they are designed, selected, operated, maintained and 
eventually renewed.

     The Heart and Plants as Nature’s Continuous Pump

The most familiar biological example of pumping is the heart. It operates continuously throughout life, 
maintaining blood circulation through a network of arteries, capillaries and veins. Its chambers and valves 
create and direct pressure-driven flow, so that tissues receive oxygen and nutrients, than blood returns for 
renewed circulation.

From an engineering perspective, the heart is remarkable not because it can be copied by industrial machinery, 
but because it illustrates the interaction of pressure generation, directional flow, sealing, timing, control and 
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long-term operation. Its valves are principally one-way structures that open and close in response to pressure 
differences; their coordinated action limits reverse flow and supports efficient circulation.

Continuous duty, reliable flow direction, preservation of pressure differences and extraordinary operating life 
are principles that engineers can recognise, even though the biological mechanisms are very different from 
those used in industrial pumps and compressors.

Plants can be understood as globally distributed hydraulic and gas-exchange systems. They absorb water 
through their roots, transport it through specialised vascular tissue and release much of it to the atmosphere 
through transpiration. The scale is immense, but it should be expressed with appropriate scientific caution 
because estimates of transpiration differ according to method and the way evapotranspiration is partitioned.

Jasechko and colleagues estimated terrestrial transpiration at approximately 62’000 ± 8’000 km³ of water per 
year [6]. Other publications show different values, see Schlesinger and Jasechko [7], and  Good, Noone and 
Bowen [8]. Rather than presenting one exact planetary pumping figure, it is therefore more defensible to use 
an approximate range. A global transpiration flow of roughly 40’000 - 62’000 km³/year corresponds to an 
average continuous flow of about 1.3 - 2.0 × 10⁶ m³/s.

This quantity is comparable to the combined discharge of hundreds of very large rivers. Yet vegetation is not a 
large static reservoir. Satellite-based research published in Nature Water estimates global above-ground 
vegetation water storage at about 484 km³ and a global median transit time of approximately 8.1 days, with 
substantial variation among vegetation types [9].  In other words, a relatively small standing volume is turned 
over rapidly through an enormous distributed network.

At the scale of an individual tree, the flow becomes easier to imagine. The U.S. Geological Survey gives the 
example of a large oak tree transpiring about 151’000 litres in a year, equivalent to an annual average of roughly 
414 litres per day [10]. Actual daily values vary strongly with species, leaf area, sunlight, temperature, humidity, 
wind, soil-water availability and season.

A tree does not normally lift water by a positive-displacement mechanism comparable to a mechanical pump. 
Its principal transport process is described by the cohesion-tension theory. Solar energy drives evaporation 
from microscopic surfaces within the leaf. This lowers water potential in the leaf and places the water column 
in the xylem under tension. Because water molecules cohere, that tension can be transmitted downwards 
through the vascular network, drawing water from the soil through roots, stem, branches and leaves.

For a theoretical vertical lift of 100 meters, the hydrostatic pressure difference alone is close to 9,8 bar, before 
allowing for hydraulic resistance. Very tall trees therefore operate with water under substantial negative 
pressure and must continuously manage the risk of cavitation and embolism.

      The Leaf and the Pumping Capacity of Vegetation

From an engineering viewpoint, a leaf is consequently more comparable to an evaporatively driven vacuum 
generator than to a conventional discharge pump. The analogy should not be pushed further than the physics 
permits. Its value lies in showing how evaporation, pressure difference, fluid continuity and local biological 
regulation can combine into an effective transport system without a central mechanical drive.

Vegetation simultaneously transports water and exchanges gases with the atmosphere. Carbon dioxide enters 
mainly through stomata and is incorporated into organic compounds during photosynthesis; oxygen is 
produced; water vapour leaves through transpiration; oxygen is also consumed during respiration. Plants 
additionally exchange numerous trace gases and volatile organic compounds.

Jasechko and colleagues estimated global gross primary productivity at 129 ± 32 gigatons of CO2 per year [6]. 
Expressed as an order-of-magnitude engineering conversion, that gross carbon uptake corresponds to roughly 
470 billion tonnes of CO₂ per year. At ordinary reference conditions, it represents a gas volume on the order of 
2.4 × 10¹⁴ m³/year, or about 7.5 × 10⁶ m³/s. The exact volumetric figure depends on the temperature and 
pressure chosen for the conversion and must therefore not be interpreted as a directly measured pipeline flow.

The more important lesson may be control rather than capacity. Nature uses billions of local, distributed and 
self-regulating structures. Roots, vessels, membranes, leaves and stomata respond to solar radiation, 
humidity, temperature, wind, soil-water availability, salinity, nutrients, season and biological damage. Capacity 
changes continuously according to conditions and need.

Industrial systems cannot reproduce this biological integration, but they can recognise the principle.
Variable-speed operation, distributed control, condition monitoring, modular maintenance and selection based 
on actual demand rather than maximum theoretical load all move industrial fluid systems in the same direction: 
energy is applied where and when it is needed, while unnecessary losses are reduced.
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      From Observation to Engineering

For industry, the practical lesson is not imitation, but long-term engineering discipline. Efficiency at the moment 
of installation is only one aspect of machine quality. Equipment intended for continuous duty must remain 
reliable, serviceable and efficient throughout its working life, supported by correct installation, appropriate 
operation and regular maintenance.

A high nominal efficiency can be undermined if a machine is incorrectly sized, operates far from its optimum 
point, develops excessive internal clearances, suffers contamination, becomes difficult to maintain or is 
discarded when repair would be technically reasonable. Conversely, durable equipment that remains efficient 
and can be economically overhauled may reduce both operating cost and lifetime environmental burden, even 
when its initial purchase price is higher.

This principle is central to Pneumofore’s engineering approach. Drawing on a century of accumulated industrial 
experience, the company’s rotary-vane compressors and vacuum pumps use a relatively simple mechanical 
architecture, direct coupling, low rotational speeds and intensive oil injection. Pneumofore also describes the 
tangential, self-adjusting action of the vanes as a means of preserving sealing as wear develops [11].  Published 
field examples include a UV30 vacuum pump exceeding 124’000 operating hours without an air-end overhaul 
and other installations, for which a service life beyond 20 years is expected with appropriate maintenance [12]. 
Pneumofore’s documented customer archive also includes testimonial evidence of machinery remaining in 
operation after approximately 65 years of service [13].

Pneumofore also publicly offers a ten-year efficiency guarantee for selected industrial vacuum pump 
applications, turning lifetime efficiency from a general aspiration into a measurable contractual commitment 
[14]. Beyond what is published, the company maintains operating histories, long-term rental records, overhaul 
data, efficiency records and customer references accumulated through decades of service. These records 
support the company’s statements concerning durability, lifetime performance and the economics of long-term 
rental, including cases in which higher initial machine cost has largely been offset by low operating and service 
cost over extended periods.

Not all such evidence is publicly released. Some records relate to customer-specific installations, confidential 
contracts or investment decisions involving substantial industrial assets. Readers, engineers and 
decision-makers who wish to examine particular claims in greater technical depth are invited to contact 
Pneumofore; supporting documentation and customer evidence can be discussed or reviewed where 
commercial confidentiality permits.

Long service life reduces the need for replacement materials, repeated manufacturing, transport, installation 
and disposal. Stable efficiency limits avoidable energy consumption over time. Maintainability keeps an existing 
machine productive rather than converting it prematurely into waste. In this sense, durability is not opposed to 
technological progress; it is one of its most responsible expressions.

The connection between engineering and nature can also be cultural. Pneumofore supports initiatives of the 
Sehen Foundation concerned with observation of the plant world. The Foundation’s project archive reports on 
the exhibition ‘Seeing Leaf‘ in Turin in 2022 [15]. Another project is the ‘Phenomena Plantarum’ scheduled in 
2026. Such initiatives should remain botanical and cultural, inviting readers and visitors to observe the 
consideration of trees, plants and flowers in disparate cultures over thousands of years.

Their engineering relevance lies elsewhere. Careful observation of plants reveals form, structure, adaptation, 
water movement and gas exchange, on scales that challenge human intuition. Curiosity of this kind can improve 
technical judgement because it reminds anybody that its own human system exists inside a larger physical and 
biological world.

     Conclusion: Engineering with Curiosity and Responsibility

The comparison between the heart, vegetation and industrial machinery reveals systems with very different 
purposes and mechanisms, but it also reveals a common language of flow, pressure, regulation, energy and 
continuity of operation. Nature demonstrates adaptation, distributed control and economy in the use of 
available gradients. Industry must translate its observations into its own discipline: sound design, correct 
application, measurable efficiency, maintainability and responsible use of resources.

Pumps, compressors and vacuum pumps are essential to modern civilisation. Their environmental significance 
depends not only on what they achieve, but on how efficiently, reliably and durably they perform their task over 
time. For decision-makers, this changes the purchasing question. The relevant comparison is not simply 
machine against machine at the moment of sale; it is the total technical and environmental performance 
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delivered across the complete operating life. In economic terms it is the Total Cost of Ownership.

Pollution, climate change, water stress and resource consumption are global challenges. The responsibility to 
reduce unnecessary industrial burden is therefore equally global. Regulation can encourage better practice, but 
the more durable standard is more professional: equipment should be designed so that its technical life is 
determined by sound engineering rather than by the shortest commercially convenient horizon.

Nature has inspired art, science and technology for thousands of years. It should continue to inspire an industrial 
culture in which progress is measured not only by what humanity can manufacture, but also by how intelligently 
it uses energy, how long it preserves useful value and how much of the natural world it is capable of leaving 
intact.
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