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The world is full of bad news about the
environment and the economy

Planetary Boundaries

Climate crisis
Chemical

pollution Ocean acidification

(not yet sufficiently quantified)

\ \ Ozone
of the atmogphere A\ R depletion

(not yet sufficiently

Biodiversity
loss

Phosphorus
cycle

Deforestation Freshwater
and other land use
use changes

[l safe planetary boundary / guide rail
according to the authors

- Scientific observation until 2009
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We can ...

G
* |gnore or Deny ) -

@

vz |
* Be pessimistic or optimistic \.@
e Be alarmist

 Ask scientifically which real challenges we are facing and
how to provide solutions
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Basic Macro Facts
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Basic Macro Facts

World Real GDP World Population

World population by region
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Basic Macro Facts

World Real GDP per capita
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Basic Macro Facts

World Real GDP per capita Finite Planet
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CO, Emissions
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Annual CO2 emissions

Carbon dioxide (CO,) emissions from fossil fuels and industry. Land use change is not included.
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CO, Emissions

Global Fossil CO, Emissions
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Source: CDIAC; Le Quéré et al 2018; Global Carbon Budget 2018

USA 16.2
tonnes/person in 2017

China7.0
EU28 7.0

World 4.8

India 1.8


http://cdiac.ornl.gov/trends/emis/meth_reg.html
https://doi.org/10.5194/essd-10-2141-2018
http://www.globalcarbonproject.org/carbonbudget/

CO, Emissions and Warming
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Climate Change

(a) Global surface temperature change relative to 1850-1900

°C
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Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
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(c) Global ocean surface pH (a measure of acidity)
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Carbon dioxide (GtCO,/yr)
140

120

Climate Scenarios :
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Near term, 2021-2040 Mid-term, 2041-2060 Long term, 2081-2100
Scenario Best estimate (°C) ol Mf ly Best estimate (°C) e M(f y Best estimate (°C) ol Mf ly
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What Does It Really Mean?

Climate impacts on the economy and risks:

1. Short term (low damage): fluctuations in weather and hazards (frost,
hail, heat wave, etc.)

2. Medium term (substantial damage): changes in climate (ENSO, shifts in
rainfall patterns, monsoon, natural disasters)

3. Longterm (catastrophic): tipping points (currently 9 identified)

g7 universitat
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Short-term Impacts

 Mostly relevant for agriculture

 Dealt with by adaptation (climate services, 10T)

Harvesting Asset accumulation period Quinoa growth season  Frost event
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Short-term Impacts

Supply Shocks Drive Prices

Wheat Corn
Price per bushel Price per bushel
$8 $8.50
Russia drought B U.S. drought
{
750
6.50
4 550
1 I 1 1
Jan. 2010 Jan. 2011 Jan. 2012 Jan. 2013

= Source: Bloomberg
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Arabica Coffee

Price per pound
$2.20
Brazil drought 175
1.50
00
T ]
Jun. 2013 Oct. 2014



Adaptation - New Technologies

 Recent developments of new technologies can be extremely helpful for
adaptation, e.g. loT

 For example, new communication technologies, capable of functioning “in the
wild” can be used for hyper-local forecasting

 |Importantly, there is an unexploited potential of coupling several adaptation
mechanisms together, e.g. insurance + CS + remote sensing

g% wniversitat
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Medium-term Impacts

 Relevant for entire economy, potential contagion

 Dealt with by mitigation (CCS, carbon tax)



Climate-driven Disasters

* Frequency and intensity of disasters will rise (IPCC)

Number of recorded natural disaster events, All natural disasters, 1900 to 2019 . i
The number of global reported natural disaster events in any given year. This includes those from drought, floods, (IIObal ['eI)OI'tEd natural dlSaSterS by tYDE, 1970 tO 2019

extreme weather, extreme temperature, landslides, dry mass movements, wildfires, volcanic activity and earthquakes. The annual reported number of natural disasters, categorised by type. This includes both weather and non-weather
related disasters.

 Change disaster category o

- M Impact
400 [} __ - B Mass movement (dry)
o I Volcanic activity
400 Wildfire
| - - - Landslide
All natural disasters = - o W Earthquake
M Extreme temperature
300 o M Drought
300 - ml B Extreme weather
- B M Flood
200 200 L (|
100 100 .
0% T T T T r )
1900 1920 1940 1960 1980 2000 2019 1970 1974 1978 1982 1986 1990 1994 1998 2002 2006 2010 2014 2019
Source: EMDAT (2020): OF DA/CRED International Disaster Database, Université catholique de Louvain - Brussels - Belgium Source: EMDAT (2020}: OFDA/CRED International Disaster Database, Université catholigue de Louvain - Brussels — Belgium
QOurWorldInData.org/natural-disasters « CCBY QurWorldInData.org/natural-disasters = CC BY

* Vulnerability of the economy (poor vs rich), widening inequality
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Losses from Disasters

Economic damage by natural disaster type, 1900 to 2019
Global economic damage from natural disasters, differentiated by disaster category and measured in US$ per year.
- Mass movement (dry)
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W Extreme temperature
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W Flood
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90 billion
0 ) i
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ffffff

Lruve rSItat Source: EMDAT (2020): OFDA/CRED International Disaster Database Université catholique de Louvain — Brussels — Belgium
OurWorldInData.org/natural-disasters « CC BY



FROMTHE 2018 NATIONAL CLIMATE ASSESSMENT

Climate Change’s Economic Impact

V e r a O S S e S The National Climate Assessment warns that the costs of
global warming are rising. If greenhouse gas emissions
continue at a high rate (RCP 8.5), damage from climate change
is expected to cost the U.S.economy hundreds of billions of
dollars every year by 2090. If emissions peak before mid-
century and start down (RCP 4.5), the U.S.economy will still
suffer, but the cost will be less. The chart shows some of the
top economic expenses.

ANNUAL DAMAGE . %OF
UNDER RCP8.5 [3—DAMAGES
(full pie) AVOIDED

UNDERRCP4.5
r |
illion |
Extreme
temperature 4

mortality
$141 billion

---Inland_-f-i-boding

- Electricity supply
and demand

Coastal property  [Air quality
$118 billion 526 billion

ANNUAL % OF
DAMAGE DAMAGES
UNDER AVOIDED

SECTOR RCP8.5 UNDER RCP4.5
Labor $155B 48%
Extreme temperature mortality  $141B 58%
Coastal property $118B 22%
Air quality $26B 31%
Roads $20B 59%
Electricity supply and demand $9B 63%
Inland flooding $8B 47%
Urban drainage $6B 26%
Rail $6B 36%

SOURCE: Fourth National Climate Assessment InsideClimate News
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Tipping Points

('_D—

 Tipping points produce abrupt system-wide change
that is often difficult (and sometimes impossible) to
reverse, giving them high impacts.

 Thus, even if their likelihood is low, they pose
significant risks (risk is the product of the likelihood
of an event and its impacts).

* Tipping points are difficult to predict, making them

hard to manage.

VE‘I'SItElt Lenton, .M. (2013). ,,Environmental Tipping Points,” The Annual Review of
Environment and Resources, 38: 1 — 209.

Most perturbations lead to recovery at a fixed rate

—

Rare series of perturbations pushes system out of attractor

S

System enters alternative attractor




Tipping Points

Atlantic thermohaline circulation (THC), reorganization
Greenland ice sheet (GIS), irreversible meltdown

West Antarctic ice sheet (WAIS), disintegration

Indian summer monsoon (ISM), disruption

West African monsoon (WAM), collapse

ElI-Nino Southern Oscillation (ENSO), increased amplitude
Arctic summer sea ice, abrupt loss

Amazon rainforest, dieback

Borel forest, dieback

O oo N WN =

Lenton, T.M. (2013). ,Environmental Tipping Points,” The Annual Review of Environment and Resources, 38: 1 — 29.
Lenton, T.M., and J.-C. Ciscar (2013). ,Integrating Tipping Points into Climate Impact Assessment,” Climatic Change, 117: 585 - 597
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Tipping Points: Uncertainties g

10
S5P1-19

* Pollution threshold is uncertain rww\,\
4

 Tipping may occur even at low warming - Pracically cefree — — === = === - E

55P5-8.5
1950 2000 2015 2050 2100

e Nearest candidates: Arctic ice sheet & GIS: 0.5—-2° C
e Most of the others: 3 —5°

* >16% prob of 1 tipping under medium warming (2 —4° ), >56% prob of
tipping all under high warming (>4° )

Lenton, T.M. (2013). ,Environmental Tipping Points,” The Annual Review of Environment and Resources, 38: 1 — 29.
Lenton, T.M., and J.-C. Ciscar (2013). , Integrating Tipping Points into Climate Impact Assessment,” Climatic Change, 117: 585 - 597
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Tipping Points: Impacts

e These ,events” are slow-onset, irreversible and high-damage

* Huge sea-level rise: Greenland ice sheet ~ 7m; West Antarctica ~ 3m
e (Catastrophic (?): collapse of Atlantic THC

 Droughts: ENSO, ISM, WAM, Amazon, Borel

* Biodiversity loss: Amazon, Borel

* No concensus on monetary value: ~ at least 25% of GWP

= . L Lenton, T.M., and J.-C. Ciscar (2013). , Integrating Tipping Points into Climate Impact Assessment,”  Climatic Change,
geosuniversitat  117: 585 - 597
s Wien
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Climate Damages

e Damages to productivity or to capital? = Both!

e Capital destruction has a level and a growth effect

growthrateg® _-~

-

growth rate g

‘ ty t t

t t: t
(a) Expected (dashed) vs. Poisson-driven  (b) Poisson and Wiener uncertainty (thin gray)
(solid) growth. vs. stock effects (bold).
ge7% universitat

l\k\-f‘:ff/ wien Bretschger and Vinogradova (2018)



Broadening the Scope

* Environmental migration

e UN:in 2008, 20 mIn people were displaced by climate change
*  Projected 250 min by 2050
 Migration to cities will increase, especially in the global South; vulnerability to sea-level rise

e Social impact (conflict, violence)
 Food systems

 Health (air, soils, water)

gi Wniversitat
s wien
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Environmental Migration

IN 2012, EXTREME WEATHER DROVE

MORE THAN 32 MILLION PEOPLE

FROM THEIR HOMES

Zpee, PAKETAN  puc e $5imon
, A
: ‘ CHAD / ; J, JAPAN
Lo -
w5 D=l
£ cuBA ) .
OF ‘b o £ \"’? w
R = . displaced ,
% i IQP-J'DIA
displaced displaced

PHILIPPINES
3.6 Million

98% OF CLIMATE REFUGEES WERE FROM DEVELOPING COUNTRIES.

-...-
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1
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Big Picture

1 1 1

i Asset
Banking [ Insurance ] [ Management J
Source: Labatt&White, Carbon Finance
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What to Do?

 What are the optimal policies to mitigate climate change and at the
same time to ensure sustainable development?
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«Doubt is an uncomfortable condition
but certainty is a ridiculous one»
Voltaire
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Climate Change
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Available Policies

Niedriger vrhrauch
* Direct production of environmental quality
| B
e Command and control instruments

° Quotas Hoher Verbrauch
e Standards

e Technology controls
* Inputs restrictions

EUA FUTURES (CONTINUQUS: CURRENT CONTRA... e E 100.00
73.94 -3.97 (-5.10%)

Vol 29.606K

97.50

e Market-based instruments -

£2.50

 Carbon tax
e Tradable permits

29.606K

g g
1K
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Carbon Tax vs ETS

Imperfect Information about abatement cost curve: Tax

Al
Cost A* Marginal abatement cost

Pollution quantity

I'S itat



Carbon Tax vs ETS

Imperfect Information about abatement cost curve: Permits

Al Marginal abatement cost

\ !
Pollution quantity

I’S itat
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Quantitative Assessment

* Optimal abatement propensity (% GDP) / Carbon price

 Low-impact events: low damage intensity of disasters (<1% consumption loss)
 High-impact events: high damage intensity of disasters (up to 10% consumption loss)
 Tipping points: severe (30% GDP loss), destructive (90% GDP loss)

e Variation in

e Risk aversion
* Abatement efficiency (512.5/tC0O2; $20/tCO2)
 Eventarrival rate (20% prob in next 10, 20, 50 years)

Bretschger and Vinogradova (2022)
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Quantitative Assessment
Low-Iimpact events

e=1 e=3
o =008 o =005 o =008 o =0.05
A =0.02
6 0.50075 080121  0.70644 1.13617
g 3 47496 345904  1.15486 1.14764 e riskaversion
A =0.01 o abatement efficiency
0 0.50038 0.80060  0.60294 0.96733 A arrival probability
g 3.47498 3.45997  1.15660 1.15059 6  abatement, % GDP
A =0.004 g  growth rate
0 0.50015 0.80024 054111 0.86675
g 3.47499 3.45999  1.15764 1.15220

g% Wniversitat
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Implied optimal carbon price $37 - $63/tCO2



Quantitative Assessment
High-impact events

e=1 £=23
o =008 o =005 o0 =008 o =005
A =0.02
0 0.50753 0.81205  2.90496 5.17775 | |
g 3 47462 34540 111408 1.06784 e riskaversion
\ =001 o abatement efficiency
6 0.50377 0.80603 1.66156 2 84628 A arrival probability
g 3.47481 3.45970 1.13702 1.11368 ® abatement, % GDP
A =0.004 g growth rate
0 0.50151 0.80241 0.95565 1.58071
g 3.47492 3.45988 1.14998 1.13809

g% Wniversitat
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Implied optimal carbon price up to $392/ tCO2



Quantitative Assessment
Tipping points & low-impact events

A»=0.00084 A>=0.00294

o =0.08 o =005 o0 =008 o =005
A1=0.02

0 0.74230 1.19549  0.87813 1.42279

g 1.65435 1.64672  2.902290 2.89302
A1=0.01

0 0.62074 099665  0.68791 1.10821

g 1.65640 165010  2.90552 2.89842
A1=0.004

0 0.54812 087840  0.57489 0.92254

g 1.65763 165211 2.90744 2.90161

75 Wniversitat
. wien

m

ca @ > AQ

risk aversion
abatement efficiency
arrival probability
abatement, % GDP

growth rate



Quantitative Assessment
Tipping points & High-impact events

A>=0.00084 A2 =0.00294
o =008 o =005 o =008 o —0.05
A1=0.02
0 3.41046 6.30301 581557 13.75750 . .
€  risk aversion
g 1.10369 1.04279 105203 0.85749 .
\1—0 01 o abatement efficiency
1—=0.
f 1 89521 330787  2.80469 5 53646 A~ arrival probability
g 113233 110354  1.11106 1.05049 O  abatement, % GDP
A1=0.004 g  growth rate
) 1 04431 175690  1.40935 D.49407
g 114821 113445  1.14049 111717

¢ wiversitat
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Implied optimal carbon price up to ~$1000/ tCO2



Multiple Disasters

VOL. 105 NO. 10 MARTIN AND PINDYCK: AVERTING CATASTROPHES 2975

PanelA.np =2 PanelB.n =4

] 30 ¥

15 f' ] A

] : 25 3 Virus

] Virus ;
— 10 ] Nuclear — 20 E Nuclear .
E:ﬂ__ ] Floods T g Climate E:u_. 15 3 Floods Ty .
= Storms :‘_}‘ =Y :

FiGURE 6

Notes: The figures show which of the seven catastrophes summarized in Table 1 should be averted. Catastrophes
that should be averted are indicated by dots in each panel; catastrophes that should not be averted are indicated by
CTOSSES.
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Why Carbon Tax May NOT Do the Job?

 (Carbon budget: <275 GtC to reach Paris target
e Fossil fuel reserves (oil, gas, coal): 440 GtC!
* Risk of stranded assets

e (Other solutions?

¢ wniversitat
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Technology Adoption

80%
S
@ 60%
®
(14
c
o
2 40%
©
<
20%
00/0 f T T T Y 7/'? "t T T Y T T \
1900 1910 1920 1930 1940 1950 1960 1970 1980 19920 2000 2010
—Telephone — Electricity —Cars —Radio —Fridge
—TV —Air Travel ~Color TV —Credit Card ~Microwave
Video Games PC Cell Phone Internet —Digital Camera
~MP3 Player —HDTV - Social Media - Smartphone —Tablet

k_:%\ Ln}gﬁrSItat arket Realist® Source: BlackRock
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Disruptive Development

5th Ave New York

TH.AVE.EASTER,

City, March 2

1

5" Ave New York City, April 15, 1900

Photo: Easter 1913, New York. Fifth Avenue looking north. George

> 3 [\ Y
Uy . 3 () f T
\ i ¥ ta ks - )
- ’ 2INe. » }, ..“'
194
el - T . ey " ;
Photo: Fifth Ave NYC on Easter Morning 1900 Source: US National Archives from _ )
(Wikipedia) Leading Market Disruption- Copyright © 2001-2014 by Tony Seba

Leading Market Disruption- Copyright © 2001-2014 by Tony Seba
The
Economist 2018

Electric cars

The death of the internal combustion
engine

Grantham Bain Collection
Source: shorpy.com




ransportation
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Electric Mobility: Norway Races Ahead

Countries with the highest share of plug-in electric vehicles in new passenger car sales in 2018"

Norway Sl |, 9.14%
Iceland i I 10.14%

Sweden gam I 3.01%
Netherlands == SN 6.60%
Finland == I 4.74%
China Sl I 4.44% Top 3 markets by total EV sales in 2018
Portugal EN N 3.44%
Switzerland 1 Il 3.18% china &l I 1,053,000
Austria e Tl 2.54%
United Kingdom Siz Il 2.53% United States == I 361,000
Belgium N 1l 2.43%
Norway 5= § 73,000

Canada I+l Bl 2.22%
Denmark smm Tl 2.14%
France 1 Il 2.10%
United States 2= i} 2.09%
South Korea | ] 2.05%
Germany = S 1.97%
Ireland Bl 1.57%

@ ® @ * including plug-in hybrids and light vehicles, excluding commercial vehicles .
statista %a

@StatistaCharts Sources: ACEA, CAAM, InsideEVs, KAIDA



Bans of ICE cars

Country Ban announced Ban commences

China 2017 no date set

Costa Rica 2018 2021

Denmark 2019 2030

France 2017 2040

Iceland 2018 2030

India 2017 2030

Ireland 2018 2030

Israel 2018 2030

Netherlands 2017 2030

Norway 2017 2025

United Kingdom 2017 2040 - England, Wales, Northern Ireland
2032 — Scotland

Sri Lanka 2017 2040

Sweden 2018 2030

. e + many cities..
geze universitat
oy wien


https://en.wikipedia.org/wiki/China
https://en.wikipedia.org/wiki/Costa_Rica
https://en.wikipedia.org/wiki/Denmark
https://en.wikipedia.org/wiki/France
https://en.wikipedia.org/wiki/Iceland
https://en.wikipedia.org/wiki/India
https://en.wikipedia.org/wiki/Republic_of_Ireland
https://en.wikipedia.org/wiki/Israel
https://en.wikipedia.org/wiki/Netherlands
https://en.wikipedia.org/wiki/Norway
https://en.wikipedia.org/wiki/United_Kingdom
https://en.wikipedia.org/wiki/Sri_Lanka
https://en.wikipedia.org/wiki/Sweden

PV and Batteries

Annual PV additions: historic data vs IEA WEO predictions

In GW of added capacity per year - source International Energy Agency - World Energy Outlook

P/ History please send comments to:

a.c.hoekstra@tue.nl
(@aukehoekstra

= WEO 2018 New Policies Scenario (NPS)
100.0 WEO 2017 NPS
—WEO 2016 NPS
—— WEO 2004 REF
80.0 ——WEO 2002 REF
—— WEO 2015 NPS
—WEO 2014 NPS

60.0
—— WEO 2013 NPS

—— WEO 2012 NPS
40.0 ——WEO 2011 NPS

—WEO 2010 NPS

——WEO 2009 REF

20.0
WEO 2008 REF

== WEO 2006 REF

0.0
1995 2005 2015 2025 2035
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It’s All About the Batteries

Batteries make up a third of the cost of an electric vehicle.
As battery costs continue to fall, demand for EVs will rise.

Cost for lithium-ion battery packs

Yearly demand for EV battery power

$1,200 per kilowatt hour 800 gigawatt hours
1,000
600
800
Actual )
Estimates
600 400
400
Estimated range 200
200 e
Actual
0 T TT T T T 0 T o R T I
2010 2015 2020 2025 2030 2010 2015 2020 2025 2030

Source: Data compiled by Bloomberg Mew Energy Finance

Bloomberg 8



Further Related Topics

e (limate change and sustainable development
 Decoupling

* Green growth or degrowth

* Green paradox

* Distributional effects and fairness

* (Contagion

¢ wniversitat
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Lessons on Decoupling

e Resource scarcity, pollution, and environmental policies are compatible
with sustainable development!

* Dynamic effects of climate policy tend to be ignored, misinterpreted, or
underrated -> Double dividend

* Important issues make the case for decoupling stronger

* Poor input substitution fosters sectoral change

* Environmental risks affect investment and capital accumulation

* Role of policy for expectations formation

* Green expectations and international knowledge diffusion lower the costs of climate policy

¢ s wniversitat
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World full of disasters
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Misfortunes never come singly
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Contagion effect during the COVID-19 pandemic.

, 50000

H

£ 45000 105

2 40000

£ 35000
30000
25000
20000
15000
10000
5000

100

- =-CASES
——DEATHS

2019 2020 2021 2022
date

COVID cases and deaths in Euro area, .
January 2020 - July 2022. Weekly GDP index of the Euro area.
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Secondary disasters bring significant losses

» For earthquakes, Daniell et al. (2017) find that 40 percent of
economic losses and deaths result from secondary effects rather
than the shaking itself.

» Swiss Re Institute: more than 60 percent of the $76 billion
insured natural catastrophe losses in 2018 were due to
"secondary peril" events.

» Gallagher Re: economic and insured losses from secondary perils
from natural catastrophes are accelerating and surpassing the
loss totals from primary perils, leading reinsurers to require
higher attachment points.

> Overall economic losses (both insured and non-insured losses)
from natural disasters were estimated at US$360 billion in 2022,
of which $149 billion (41%) came from primary perils and $211
billion (59%) came from secondary perils.
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Recurring Shocks and Growth

growth rV

v

|

L

|

i |
| |

i |

|—rowth rate g i i
| I |
| |
I

L Wt It

L ity 1 t Wt
(a) Expected (dashed) vs. Poisson-drivenn (b} Poisson and Wiener uncertainty (thin gray)

(solid)} growth vs. stock effects (bold).

Flgure 2: Consumption growth rate (Source: Bretschger and Vinogradova 2017)

In previous approaches shocks may follow the Poisson/Wiener process
» Poisson: discrete jumps
» Wiener: continuous fluctuations around trend

Main feature: If shocks are driven by a process with independent
increments, then abatement is a constant share of GDP
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Shocks

» Different in size, arrival frequency, (ecological) systems, regions...

» Our general focus
» Recurring shocks
» Generic environmental/political/epidemiological/financial
context.
» Varying shock sizes and nonconstant arrival rate

> New feature: Interlinked shocks
» Catastrophic disasters might cause chain reactions and trigger a
contagion effect.
» Public disaster management needs to consider the pattern of
occurrence of shocks and interdependencies.

» Particularly relevant for modeling climatic/environmental events
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Setup

» Our approach:

» Analysis of sustainable development and optimum growth in a
stochastic endogenous growth model with

P endogenous investments
P negative externalities from economic activity
P contagion among shocks

» Our focus:

optimal disaster management

optimal growth policies

interaction between the two

welfare and growth losses from suboptimal policies

vvyvyy
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Results

» Traditionally, theoretical studies have shown that optimal
abatement is a fixed share of GDP.

P Yet, in practice, the situational (reactive) approach is applied

» Examples

» global
» local

» Main Contribution: We show that in the presence of interlinked
catastrophes, a reactive (stochastic) mitigation is actually
optimal.

9/36



Modelling disasters: Counting jump processes

» Damages are driven by the counting process denoted by N; € Ny
with intensity A::

E¢(N[t, t + At)) = XAt
It can be defined heuristically by:

> Simple counting Poisson process (Martin and Pindyck 2015,
Bretschger and Vinogradova 2017)

A=A

Poisson processes (and more generally Lévy processes) have
independent and strictly sationary increments.

» Poisson process with varying intensity

At = A(2)
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Modelling disasters: Jump processes
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Figure 3: Counting jump process N
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Hawkes processes

> Hawkes processes generalize Poisson processes by assuming
intensity of shocks depends on occurrences of previous shocks

A=A+ > w(t—1)

t<t

» Hawkes process possesses memory and thus allows us to model
contagion effects

» Applications include:

» earthquake modeling (Hawkes 1971, Hawkes 1973)

» insurance (Hainaut 2016, Stabile and Torrisi 2010 Lesage
andothers 2020)

» finance (see references Hawkes 2018)
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Intensity is a stochastic process
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Figure 4: Hawkes process intensity A:

» For the exponentially decreasing «(t) = aexp{—fFt}1:>o,
intensity follows

dA: = —B(\; — A)dt + ad N,

» Hence, two-dimensional process (N, A¢) is Markovian
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Cluster representation
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Figure 5: Events’ family representation. Circles denote zero-order events
while squares of different colors denote descendant events

oo
The branching ratio [ ae Psds = % "no-explosion-condition" is
0

assumed to be in [0, 1).
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COVID-19 Eurozone 2020—2021 case
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Figure 6: Intensity of the fitted Hawkes process: lockdown spread in
Euroarea

Values of the kernel parameters «, f can be estimated from the data.
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Assumptions: Economic activity and damages

» Output Y; is produced with: Y; = AKj:,

» Production generates a negative externality ¢ Y3, which entails
damages to capital (disasters), (;, via stochastic arrivals

» Externality can be reduced through mitigation, M;, by spending
a fraction 8; € [0, 0maz] (Omaz < 1) of output on "disaster
management" : M; = v8; Yy

P> Net externality is then
Et = QOYt — v@t Yt = (QO — v@t)AKt

» Damages are proportional to the size of the externality with a
factor « € (0, 1):

Gt =7E; = vy(p — vb;) AK;.
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Arrivals of interlinked shocks

» We assume Hawkes-driven arrivals:

X=X+ k(t—t)

t<t

» and exponential decay kernel function in order to keep the
process Markovian and be able to use it under the
Hamilton-Jacobi-Bellman optimization framework:

k(t) = aexp{—Pt}1li>o,
with o/ < 1 and 8 > 0.

» Other kernels are also possible but they may not allow us to find
a closed form solution to the optimization problem.
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Preferences

> We assume a logarithmic utility function

» Another specification depends positively on consumption and
negatively on the arrival rate of the disasters:

U(C,A) =n(C) = 9(A),
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Social Planner problem

» The Social Planner maximizes the expected present value of
utility over an infinite planning horizon by choosing a
consumption path C; and a disaster-management policy 6;:

(o)
max [Eq { / U(Ct)eptdt},
Ct,6:€1[0,0maz] 0

» The Hawkes process N; (with intensity ;) drives arrivals of
disasters:

dK; = [(1— 0;)AK,_ — Cydt — ((8:) Ki_dN,.

» Control variables (C%, 6;); are assumed to be progressively
measurable random variables. They are called admaissible if
capital stock does not vanish and 8; € [0, Oz
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Solution: Optimal disaster management

» In general, disaster-management policy may fall into 3 regimes:
one interior and two border-control

0, i A < AT
B7(A) = { gmes i > Ames
(0,6™a) otherwise,

> We assume that A" = % - % > X and define a truncated
process A; = min{\;, A%}

» Then, the interior solution is:
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Results: Clustering visualization
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Solution: Optimal consumption path

» General Keynes-Ramsey rule for optimal consumption:

dc 1 Uc(O) - c

— == (1 =6 Yr — p+A Kg—1| |dt+|—=—1|dN,

C R(C) (( t) K pPtAt UC(C) K ] +|:C ] t
where R(C) = — ngc is the Arrow-Pratt measure of relative risk
aversion

» The red-term corresponds to the standard deterministic

Keynes-Ramsey rule: 4 = ﬁ(YK —p)dt

» Growth rate is stochastic

» For the Logarithmic utility we can completely solve the model,
i.e. find value function and policy functions.
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Trend growth and expected Growth

» The overall short-run growth rate of consumption is a sum of two
components:

» the "trend growth", i.e. the d¢-term in the expression for the
Keynes-Ramsey rule:

1 ~
o1 pe l o5,
v vy

» and a jump counterpart given by the dN-term

» The long-term (expected or forecasted) growth rate, denoted by
g (we set 7 = 0):

dCé/dt] :A(l %

1 - .
QSZE()I: ; _;)+a_p—E>\t—EAt+’U’)’E[At)\t:|.
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Visualization:
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Figure 8: Poisson case: trend and expected consumption growth rates and levels
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Visualization: Hawkes case
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Figure 9: Trend and expected consumption growth rates and levels
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Costs of suboptimal policies: Mitigation

» Myopic (Poisson) planner believes that the arrival rate of
disasters is constant instead of being stochastic and approximates

» Myopic mitigation:
gm _ ® 1— A"y
Cw Avy
Vs .
1—E[A
Bley] = £ - 120
v Avy

> Since A™ > E[A;], 6™ > E[f;] for each ¢ > 0.

» Myopic planner "overspends" because she misses the right
timing.
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Costs of suboptimal policies: Growth and welfare
» Myopic short-run growth
1
gtr’m:A(l—f)ﬁ-f—p—Am
vs true 1
i =a(1-2)+ Loy
v
= gtr _ gtr,m — ™ _ 5\t
» Long-run growth loss:

g¢ - g™ = EA - E[A,] + vy E(A)) — (EX)?)

lim g°—g¢g®™ =wvyVar]\] >0

Amaz oo

» Corresponding welfare loss: V — V™ = %IE Aln (¥)
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Model Extensions
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Model Extensions

» Extension 1: additional source of randomness through
fluctuations around the trend (log-normal distribution)

th = [(1 - et)Ath - Ct]dt - th dNt‘FEt,th

» Extension 2: additional source of randomness through damage
size (any distribution)

th = [(1 — Gt)AKt_ — Ct]dt — Zt(t— dNt (+Et_th)

> Extension 3: Hawkes-driven damages. Functions 6 = §(A) and
v = ¥(A) are twice continuously differentiable and satisfy the
quadratic growth constraint

dK; = [(1 - 6:)AK,_ — Cildt — Zyy(X) By dN; + 6(\) By d W,

— stochastic volatility model.
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Model Extensions

» The extended model writes:

4o
max E / u(Cy)e Ptdt
(Ci,0¢)
0
s.t. th = [(1 — Gt)AKt_ — Ct]dt — ’)’ZtEt_ dNt + 5Et_th

d)\t = ﬁ[j\ — }\t]dt + adNt

» The size of the damages from disasters is proportional to the size
of the externality and is scaled up by the random component Z;.

» 7, is a bounded non-negative continuous random variable
independent of the Hawkes process and of the Brownian motion.
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Extended model solution

» The standard HJB equation reads:

1
pV(Ktx )‘t) = max {u’(Ct) + 7Eth(Kf: At)}: (1)
Ct,0¢ dt

» The choice of the utility function guides us to consider a candidate
solution of the HJB equation (1) in the form:

V(K,2) =p "In(K)+ g()\)

> At time ¢ > 0 the optimal consumption C{ = pK%, and the optimal
mitigation policy is 6* = 6 (A¢):

0" (\) = argmaxyco 4,1 R(6, ) (2)

R(6,\) = (1—6)A — %521*2 + A/m (2(1 — w)) du(2).

where I' = (¢ — Ov)A and w = yZT".
» One can show, that g(A) is a differentiable function, so that a classic
solution exists.
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Extension 1: Wiener uncertainty

400
max / u(Ct,At)ef”tdt
0
dK =[(1-6)AK — C]dt — YE,dN; + 8 B, dW;
The HJB:
1

pV(K,2\) =max{U(c,\) + T

E:dV}

where

dV = Vi[(1—8)Y — C]dt — BAVy dt + %vzvg,;dw [V — V]dN,

V = V(K,X), where K = (1 — w)K and A = X + adN;.
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. Wiener uncertainty
FOCs:

Uc=Vi
—ViY + 3 Vi(v®)e + M E: V{Ks = 0.
» If the Hawkes uncertainty dominates, i.e. § — 0, then

0 =67 + vAT78% + 0(6?),

where I'" =T = (1 — Avyv)/y and 67 =6/ = £ — I_AA#”’” are the

¥
random processes for the optimal I" and 6 in the case of pure Hawkes
uncertainty obtained earlier.

» If the Wiener uncertainty dominates , i.e. ¥ — 0, then

A
9:9W+n’)’+0(’)’)

w_ ¢ _
where 6”7 = £ v 5)2 is mitigation share in the pure Wiener case.
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Model extensions: Random Jump size

+o0
max / u(Ci, At)e Phdt
0
dK = [(1— 0)AK — C|dt — yZEdN:,

where Z is a positive bounded random variable independent of the Hawkes
process. FOCs:

Uc = Vi
WY 4+ X [ V] Kedv(z) =0.
Let Z have a Bernoulli distribution with outcomes b and s representing big

and small relative loss (b > s > 0) taking place with probabilities
(p,1 — p). The second condition yields

b s
}‘t’yv[l— bwp+ l—sw(l_p)] -1=0
This is again a quadratic equation in w = 4I" = y(¢ — v8)A (or 6).
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Model extensions: Random Jump size

> If s =1,ie. "small" events are like before, then § > 6*.

» If we assume that the probability p of a big disaster is small, we
can derive the following asymptotic expansion

6=06z+ Ai1p+ o(p).

where 67 = £ — %ﬁ;’]s and A; stands for m. If

Avvys is small then Ay = %.

0220}] (= S;l
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Further Model Extensions

>

>

results beyond the logarithmic-utility

different policies, e.g., a policy that could affect parameters of
the Hawkes kernel density itself

stronger link to externality (e.g. A(E:))

derive a multidimensional analogue of the model shocks, where
processes of different nature would be mutually exciting

calibrate the model and provide quantitative results: welfare cost
of uncertainty, optimal mitigation propensity, growth costs of
contagion
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Conclusion

» We developed a general-equilibrium endogenous growth model with
stochastic environmental shocks stemming from economic activity.

P Negative externalities of economic activity affect the size of
primary shocks that are associated with subsequent disasters.

» To study the nature of interrelated shocks, the model uses the
concept of Hawkes process, which is a novelty in this field.

» We derive closed-form solutions of the economic growth rate, the
optimal spending on disaster prevention (abatement).

» Main finding: The optimal disaster-mitigation policy is stochastic
(reactive),

» Approximation of Hawkes-driven disaster arrivals by Poisson arrivals
leads to growth and welfare losses

» Additional small-scale fluctuations increase optimal mitigation
propensity

» Random damage size, in general, has an ambiguous effect on optimal
mitigation
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Random processes

Random processes

Amenable processes

Markov Processes

Lévy

processes
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