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Venus would be Earthlike if it were cooler, had a less dense 0,/N, atmosphere and a shorter day. Previous terraforming proposals
have been incomplete or have described very slow processes. This paper addresses the problems of terraforming Venus quickly.
It is shown that a sunshade can be used to cool Venus, causing the CO, to precipitate out of the atmosphere and gather as seas
in the lowlands. A thermally insulating cover will prevent re-evaporation. Venus can then be provided with water by impact with
an ice-moon, moved from its orbit with energy from solar mirrors or a light-sail windmill A soletta can provide a 24-hour cycle
of day and night, while vepetation on the land and in the sea produces a breathable atmosphere. Colonies floating at the one-
atmosphere level will permit almost immediate habitation. It is claimed that terraforming could be completed in under ~200yr.

1. INTRODUCTION

Venus has long been thought of as Earth's sister planet. In size
and constitution it is very similar (R;=6056 km, Re=6376 km).
It is a rocky planet, neither a gas giant nor a ball of ice.
Consequently, its surface gravity is also Earthlike(g,=8.88ms3
£=981ms"2). For these reasons it is a prime candidate for
future colonisation Unfortunately, Venus differs from Earth in a
number of important ways, which appear to make immediate
colonisation without terraforming impracticable.

First, Venus is very bot. The temperature at the surface is
about 730K, compared to 300K on Earth This is partly
because Venus is so much closer the Sun (0.72 AU) and partly
because of the greenhouse effect of the dense atmosphere.

Second, Venus has a dense atmosphere, primarily composed
of carbon dioxide. The pressure at the surface is about 95 bars.

Third, the Venusian day is 127 Earth-days long.

Further problems arise from minor atmospheric constituents,
including sulphur dioxide and carbon monoxide. The clouds are
composed of hot fuming suphuric acid, one of the most corrosive
substances lmown. There is no free oxygen, and perhaps one
part in a thousand of superheated steam. There is little water.

Venus has frequently and justly been compared to Hell

Terraforming is defined as making a planet over into an
Earthlike planet. That simple definition hides some subtleties.
A planetological terraform leaves a fully Earthlike planet, stable
over geological eras without further human intervention. Few if
any proposals have successfully addressed the challenge of a full
planetological terraform. A habitable terraform leaves a planet
adapted for human habitation, but uses artificial shortcuts and
needs maintaining. It is simpler, but perhaps less satisfying

In this paper I attempt to present a fairly complete and
economically viable scenario, with emphasis on the colonisation
of Venus during the next few centuries [11 I have deliberately
sought techniques that minimise the terraforming time and
cost, and reach a habitable terraform as quickly as possible.
Nonetheless, terraforming does not cease once full habitation
has been accomplished and the final state is as close to the full
planetological terraform as may be found in the literature.

Early terraforming proposals [2-4], in sugpesting the use of
photosynthetic algae as the main terraforming technique, appear
to have been overly sanguine. It is now considered that merely
seeding the clouds with algae is not enough.

Later proposals [5-7] have attempted to remedy some of the
defects, but most deal with long timescales (thousands of years)

and often do not permit colonisation until terraforming is almost
complete. Despite their planetological bias, they do not entirely
succeed in eliminating the need for artificial upkeep.

It has been suggested [8] that terraforming is more a
scientific and engineering challenge than a basis for colonisa-
tion, and thus long timescales may not be prohibitive. There is
some justice in this claim. Space colonies of considerable size
be built cheaply and quickly; they are likely to be safer,
more convenient and more comfortable than natural planets
[9-111 In another paper in this issue [12] I show how even
planetary-sized habitats can be constructed without long-
winded conventional terraforming.

But the viability of such protracted projects must remain in
doubt. Economic and practical considerations cannot wholly be
neglected.

First, maintaining sympathy and funding for a terraforming
project without practical benefit over thousands of years would
be enormously difficult.

Second, overlong projects are apt to be overtaken by events
before their completion. Where a market for habitable planets
or raw materials exists, slow terraforming techniques will be
replaced with colonisation by faster means. In the distant
future, where such projects are often placed, the virgin planets,
sun, solar system, galaxy, will long since have been drastically
re-engineered

Third, long-term projects still have to be paid for. Economic
viability is seriously compromised if the initial investment is
not returned within ~30 years. Delay increases the cost in the
amount of interest that would have accrued had the capital
been otherwise invested Owver fifteen years this about doubles
the cost. Over fifteen thousand years the effective cost of a
project would increase astronomically.

It may be argued that slow terraforming may still be carried
out for scientific purposes, even if it is quite uneconomic for
colonisation. However, the same arguments apply. We cannot
justify a large investment of scientific effort into a project
that will produce only limited scientific results a long time in
the future. We can learn more by putting those resources into
more fruitful fields.

Of course, this is far from suggesting that it is foolish to
use such project ideas as academic exercises and thought
experiments. On the contrary, they remain fascinating
informative and valuable.
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Ideally, a project should not now exceed a working lifetime,
should be able to fund most of its capital investment out of
revenue and should have an economic breakeven well under
thirty years.

This paper thus addresses the problem of terraforming Venus
quickly, in the hope of finding solutions that are economically
and psychologically sound as well as scientifically sound

Advanced space industrialisation is surely a prerequisite
to the terraforming of Venus. A Gross Space Product 21 TEyr™!
(1980 £’s) can be assumed by the mid-21st century. However,
the terraformed Venus is unlikely to be fully occupied until the
population of the space colonies reaches ~3x10!0 and demand
is sufficiently high, perhaps ~150 years from now [12]. Costs
in this paper are compatible with such a development of space
industrialisation [12].

The value of a fully terraformed Venus, in teday's terms, is
likely to be in the region of 250T#£, about the same as the
Gross World Value (GWP ~10T£yr™1x 25 yr, or £50,000 per
person). In the space colony market it might be worth
considerably more.

A terraformed Venus may need maintainance, but this will
not be a problem on an occupied planet; the annual cost will be
no more than a small fraction of the cost of terraforming.

Although we should not take such figures too seriously, they
give a useful indication of the time scales and costs to be met.
An important caveat: when dealing in amounts >>100GE we
can afford enormous amounts of research and can expect
fantastic economies of scale. Very cheap methods of large-scale
manufacturing in space are likely to be developed; the overall
costs of terraforming may be greatly reduced

Although this proposal is justified more by the potential
for colonisation than by scientific merit, it is important to
realise that the planetological terraform is not obviated by
the artificiality of some of the human habitats, any more than
cities on Earth make Earth any less Earthlike.

2. TERRAFORMING REQUIREMENTS

To terraform Venus we need to:

1} Cool the planet to ~290K.

2) Reduce the atmospheric pressure to ~1 bar, removing the
excess C0, (~93 bar) and other poisonous atmospheric
constituents, and providing ~0.24 bar of breathable oxygen.

3) Reduce the length of the day to ~24 hour.

4) Provide sufficient water for a water-table and seas.

A variety of techniques for fulfilling these requirements will
be considered, and then combined into a single scenario.

TABLE 1: Time taken for Venusian Atmasphere to cool

STAGE  CONDITIONS TIME TAKEN
1 730K-304K;95bar 5.6yr/e%or 58yr?
2 304K;95bar—76bar TAyr/e or 22yr
3 304K;76bar—>217K;7bar  4Byr/e or 94yr
4  217K:88bar liuid»solid  17yr/e or 17yr™
5  217K;7bar-192K;2.8bar  9.2yr/e or 9yr'¥
6  192K;800mb-142K:3mb® 37yr/e or 4yr'¥
TOTAL OF STAGES 1 TO 5 : 87.2yr/< or 200yr

(1) At constant emissivity (2, 3,4} At ~160, 126, 100 Wm~2
(5} At ~50Wm=2 (6) Optional stage to reduce COy to ~3mbar
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Fig. 1. Sunshade mirror to cool Venus.

3. COOLING VENUS

31 Use of a Sunshade

If one positions a large mirror between Venus and the Sun the
planet will radiate to deep space and cool down (Fig. 1). Such
a mirror, although larpe, can be very light and flimsy; because
it merely reflects light away from the planet it does not need
to be optically flat.

Solar sail material, an aluminised film of ~3x10*kgm™2,
would be suitable. It would have to cover an area ~2.27
~25x10%m? and would have a total mass ~7.6x100kg.
It would be manufactured in space, using lunar or asteroidal
materials and cost about as much as the Apollo programme
(Section 9 goes into more detail).

Similar suggestions have been mooted elsewhere [6,13-161

After the deployment of the sunshade one must wait rather a
long time for Venus to cool down However, other terraforming
tasks may be carried out at the same time.

3.2  Simplified Cooling Scenario

A simplified scenario for the cooling process after sunshade
deployment is as follows:

The temperature of the atmosphere falls to the critical
temperature of CO, (304 K). It then starts to rain liquid CO,;
and ~20 bar precipitate until the CO, pressure reaches 74 bar,
the critical pressure, when the temperature can fall again.

The CO, rain continues as both temperature and pressure
fall. It drains into the lowlands and forms CO, seas. At the
triple point (217K and 5 bar CO,) the seas begin to freeze.

Once the seas have frozen over the temperature falls again,
and the rest of the CO, precipitates as snow. At a temperature
of about 192K only ~08 bar of CO, and the inert gases—
principally ~2 bar of nitrogen—are left in the atmosphere.

Now the frozen carbon dioxide oceans can be covered over
and the temperature brought back up to ~290K.

Table | gives the length of time taken for each phase of the
cooling process. The calculations are given in the Appendix
The most uncertain value is that for stage 1. Initially the planet
radiates at only 160Wm™2, due to the sulphuric acid clouds
and the greenhouse effect of the dense CO,. But convection
currents and the precipitation of aerosols during cooling will
reduce the atmosphere’s opacity, so radiation rates may increase.
Clearly, the emissivity should be as high as possible and the heat
should come from as deep in the atmosphere as possible.

The maximum cooling time obtains when radiation from the
cool top of the atmosphere dominates, corresponding to
~160Wm™2, The minimum time obtains when the emissivity
is unity at each stage. We have:

90 yr £ ‘total cooling time' £ 200yr






