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Abstract……

Variable renewable energy production is highly dependent on short-term weather changes. The
difference between predicted and actual weather conditions causes financial losses for renewable
energy providers for two reasons; unpredicted oversupply drives energy prices down in markets and
undersupply drives prices up. During oversupply, energy providers cannot optimize selling price and
during undersupply, energy providers pay a higher price to make up the shortfall in production on the
market.
Energy grids need to be kept stable to ensure constant supply to users. Keeping an energy grid stable is
difficult because of diverse energy sources and lack of storage options. Weather is chaotic. This makes
estimating a weather forecast difficult because variables used in the forecasting model are highly
sensitive to small changes in initial values.
This report investigates the complicated relationship between weather forecasting and energy
production. We investigated the countries with the largest renewable energy markets, and those with
high predicted growth of renewable energy usage. Our research shows there is potential to add value
to energy markets by improving short-term weather forecasting.
To minimize the gap between predicted and actual weather conditions, short-term measurements of
weather parameters need to be integrated into relevant models for accurate forecasting. By researching
the capabilities of existing satellites, and by combining existing weather data with data collected from
a unique small satellite constellation, we could enhance short term weather forecasts in a feasible way.
To ensure our product was commercially viable, we expanded our services into markets that we believe
will benefit from short-term weather predictions and extreme weather warnings. We concluded that
the product would be renewable energy prediction for solar and wind, a warning system for extreme
weather events, and long term data collection and storage. Our services will support the energy,
aviation and maritime sectors which are all dependent on short term weather forecasting.
We believe our product is unique because data is collected over a short time frame of 15 minutes at
every point on Earth. Near constant data streaming to receivers allows inbuilt data calibration in
the system. We minimize the use of ground stations, which creates advantages for off-shore data
products.
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Faculty preface

“Storms make trees take deeper roots”
Dolly Parton
What happens when 33 brilliant minds combine their expertise and knowledge to address an extremely
difficult challenge in the space sector? You are about to find out!
The International Space University is an interdisciplinary institution founded in 1987 to foster space
exploration through international education programs. One of these programs is the Space Studies
Program, a professional development course that takes place every year in a different country for a
period of nine weeks. The Space Studies Program attracts talents who are interested in the space sector
from all over the world.
This year the Space Studies Program took place for the 31st time and was hosted by the Netherlands
Space office in collaboration with Delft University of Technology, the ESA’s European Space Research
and Technology Centre, and Leiden University. This unique location offers access to expertise in areas
like cutting edge space research, engineering, technology, and space policy. The environment was very
supportive thanks to its delightful countryside, picturesque canals, and charming Dutch culture.
In this environment, 33 remarkable individuals embarked on a mission to research the relationship
between weather forecasting and the energy sector. Adopting ‘TP Weather - Stronger Together’ as their
motto, the team worked in close collaboration, supporting each other through the “stormy conditions”
of high pressure and time constraints. In the research process, the team combined their expertise with
knowledge gained while participating to the core lectures, performing desk research, and conducting
interviews with experts from energy, weather forecasting, and satellites industries.
We are inspired by the quality of work produced and the strong team culture developed by the
participants within the short time frame available. We believe that the bonds created by this experience
will go beyond the program, resulting in long lasting friendships and professional partnership, adding to
the personal growth of all those involved.

Jan Walter Schroeder
Anna Wojdecka
Dillon O'Reilly
Andrea Gini
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Participant preface
Weather has always been a chaotic and unpredictable phenomenon. Before science shaped our
understanding of weather, we depended on mythological tales.
Ground based weather forecasting has been around since the mid-19th century. In the mid-20th century
we started using space as a platform to improve weather forecasting.
In the technological age, most industries are highly dependent on weather predictions. The applications
of weather forecasting vary from aviation to insurance to energy. Every smartphone user in the world
has access to weather predictions at the touch of a button. So where do we come in?
This report provides an outline of the impact of weather forecasting on the energy industry, specifically
the wind and solar energy markets that are more susceptible to losses caused by inaccurate predictions.
The shift to sustainable living across the globe and a greater push to use renewable resources opens
new opportunities for weather forecasting in this sector. In light of this opportunity growth, our team
proposed a space system to bring improved weather solutions to these industries.

“Wherever you go, no matter what the weather, always bring
your own sunshine.”
Anthony J. D’Angelo
During the 2018 Space Studies Program (SSP18), we had a dynamic and passionate group of 33
participants working towards a common goal. Our culturally and professionally diverse team weathered
this storm together to bring you this report. We have come a long way in overcoming hurdles, facing
tough decisions, and settling discords, but no matter how difficult the challenges, we always came out
stronger together. We would like to thank Andrew Huang for lending us his pink fluffy unicorn dancing
on rainbows, who supported us through long days and dark nights.

UDOR is our name. Forecasting is our game.
TP Weather, Stronger Together!
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Project title
1. Project description
“Chaos is the angel who fell in love with the demon” (Poindexter, 2018).

1.1. Project justification
To become a more sustainable civilization we need to continuously improve energy distribution and
usage. The growing capacity of variable renewable energy (vRE) sources like wind and solar makes
energy providers increasingly dependent on accurate weather forecasting to effectively manage the
dynamic relationship between supply and demand. Understanding human interaction with energy
is a crucial element for analyzing demand. Supply of vRE is particularly vulnerable to inaccuracies of
weather forecasting predictions. Therefore, improving the accuracy of weather forecasting will
improve the sustainability of the vRE sector itself.
Currently, weather data for forecasting combines observations made by satellites and ground
stations. In weather forecasting, a large number of satellites have a sustained a competitive
advantage over fewer satellites, based on the current demand by energy providers for high spectral
and temporal resolutions in localized areas. A potential solution is to use small satellites (smallsats)
to collect more accurate weather data for specific industries that are heavily reliant on weather
forecasts. A major challenge of this solution is the integration of complex data sources into a
computationally efficient model. Providing an efficient way to manage data is critical to provide a
technical solution.
Asset utilization is a crucial component of any business case. A constellation of smallsats for weather
observation is capital-intensive, therefore we researched adjacent markets to diversify our
customer base, ensure the sustainability of the initiative, and reduce the financial risk related to
developing, deploy, and operating a satellite constellation.
The term energy industry is often used in ambiguous ways, without clarifying the difference
between different types of energy. In this report the energy sector refers to the power market.

1.2. Mission statement
Our mission: We believe in providing solutions that make effective use of satellite weather data to
encourage continued use of renewable sources. Our challenge: Variable renewable energy
production is highly dependent on short-term weather changes. Our goal: To deliver the best
commercially viable space-based weather forecasting system to benefit the renewable energy
sector.

1.1.

Core values

Our team includes 33 people with multidisciplinary backgrounds. The diversity of team members
has a strong correlation with the International Space University’s (ISU) “3 I” value system. This
project represents an interdisciplinary, international and intercultural effort towards a common goal
by focusing on sustainability, innovation, and inclusiveness.
The team’s motto is symbolic of a shared connection: TP Weather, Stronger Together!
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1.2. Project approach
The following list in Table 1 identifies the relationships between the project and ISU departments:
Table 1: ISU department relationship to project elements.

ISU Department

Relationship to project content

Applications

Analysis and proposals of innovative business and social applications of
weather forecasting. These applications incorporated new methodologies
to improve weather forecasting by integrating data from many sources.

Engineering

Feasibility study of different space technologies to improve weather
forecasting. Mission design of a small satellite constellation. Investigation
of the short-term evolution of relevant technologies.

Management and
Business

Identification of existing and new markets that could benefit from weather
forecasting improvement. Investigation of business strategies to address
multiple market demands.

Policy, economics
and Law

Small satellite constellation policies. Examination of traffic management,
debris, liability, licensing, and insurance to assess compliance with the
Outer Space Treaty and alignment with spectrum allocation legislation.
The economic viability of the project based on the relationship of supply
and demand was a key focus.

Sciences

Investigation of key atmospheric parameters to understand which ones
are more important to improve weather forecasting.

Humanities

Examine the social impact of the renewable energy industry.

Human
Performance in
Space

For the purposes of this project, we adopted human performance in space
to cover the relationship between humans and energy use and customer
interaction with our product.

1.3. Team structure
The TP Weather team was divided into subgroups led by a management team. The team followed a
SWARMing approach (System-Wide Assessment and Research Method), a comprehensive data
collection and knowledge management method, to explore and understand the various tasks
(Dickerson and Mavris, 2010). The process defined four main subgroups: business, weather,
upstream, and downstream, where the latter two are branches of engineering. We then finalized
the structure by adding two logistic teams: one for editing and design, and another for policy and
law (Figure 1).
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Project
management
Business

Weather

(Energy)

Engineering

Policy and Law

Editing and
Design

Downstream

Editors

Upstream

Graphical
Design

Figure 1: Project organization structure
•

Business (energy market) - This subgroup focused on the commercial viability of the project
through customer problem definition and market analysis of the energy sector. The team
delivered customer requirements to technical teams and investigated human behavior to
understand their impacts on supply and demand in the energy sector (including the social
impact of using renewable energy).

•

Weather - This subgroup focused on defining weather parameters relevant to the customer
requirements that are aligned with the business teams’ recommendations. Research
focused on data analysis and understanding predictive modelling types and how these can
be improved to increase the accuracy of weather forecasting.

•

Engineering
o

Upstream – The upstream team investigated state-of-the-art technologies to
improve weather forecasting and assess the feasibility of designing a space system
for this purpose.

o

Downstream – The downstream team studied the distribution of current and future
satellite weather data.

•

Policy and law - The policy and law team researched space international law compliance
relevant to the project.

•

Editing and design - This subgroup focused on document control, editing, formatting, and
graphics and design.
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1.4. Problem definition phase of design
After a brainstorming session within each group, we focused on maximizing creativity and
knowledge generation. Deriving customer requirements and linking these to market and technical
requirements was essential to establish the key performance parameters and success factors of the
project. This process enabled each team to break down the work packages of their subgroups that
would lead to the formulation of a project solution.
We then agreed on project milestones to meet deadlines, produced a Gantt chart, and converted it
into a PERT chart to highlight dependencies and criticality of each work package.
To devise the scope of the project we adopted a high-level systems engineering approach. At
upstream level, we had to apply a systematic methodology for the engineering design process. This
approach required an in-depth and iterative discovery process of project requirements that was
essential for the success of the project. Throughout the designing phase of the project we used an
iterative systems engineering loop. Detail of this loop can be found in Appendix 1.

1.5. Project methodology
To ensure that we could properly satisfy customer, market, and technical requirements we decided
to adopt a systems engineering approach. This approach ensures rigorous traceability of evolving
requirements throughout the entire project. Traceability is essential because all design and process
decisions are based on these requirements (Larson and Wertz, 2005).
To effectively capture all customer and technical requirements we used a discovery tree that
enhanced the platform and provided a realistic and marketable mission solution (Figure 2).
Throughout this process we conducted face-to-face, internet and phone discussions with leading
industry specialists to understand the needs of various stakeholders. This multi-disciplinary
approach helped us to identify design choices within the project scope.

Project
management
Business
(energy)

Weather

Engineering

Policy and law

Editing and
design

Downstream

Editors

Upstream

Graphical
design

Figure 2: Customer requirement extraction using the requirements discovery tree.
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1.6. Team dynamics
To optimize team performance, we prioritized team dynamics throughout the project. In every
subgroup we identified a point of contact to ensure cohesion. The delegates attended a daily
morning meeting with management to update and communicate any element that could impact
other teams.
The entire TP Weather team met each afternoon to provide updates and make team decisions. This
ensured all team members were aware of, and included in any major decisions based on new
information. To facilitate group discussions, we laid out the desks into a square shape, ensuring that
team members were facing each other to promote inclusion. This layout provided management with
the opportunity to collect and moderate contributions from all team members.
We chose Slack, a real time messaging service, as the only communication platform because it allows
file sharing, group messaging, and private messaging in a single product. Slack enables users to
create channels to track discussion and decision making on specific topics like announcements.
Tracking of information became increasingly important when subgroup work gained momentum
and team members dispersed to focus on their respective tasks.
To enhance the morale of the team we scheduled social and well-being sessions throughout the
project to help team members to interact and build relationships with people outside of their
subgroups. We allocated time slots for relaxation activities like Chinese tai chi and regular stretching
sessions. We concluded our sessions playing music and chanting our motto: TP Weather, stronger
together!
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2. The challenge
2.1. Renewable energy variance
Energy providers procure most energy long in advance in the futures market. A futures contract is a
legally binding agreement to buy or sell energy at a defined time in the future, at a price agreed in
advance. The remaining is procured either on a day-ahead (24 hours in advance) or intraday basis –
any trade day duration less than 24 hours. Day-ahead agreements are made to buy or sell energy
on the following day at a price agreed the day before, and intraday agreements are made to buy or
sell energy within the day at a price agreed the same day. The difference between day-ahead and
intraday prices is dictated by a number of factors that affect the short-term demand and supply of
energy. There are different ways to produce to electricty; conventional like coal, gas and nuclear
power plants and renewables like wind, solar photovoltaic (PV) and hydropower. All these energy
sources are connected to the electrical grid, that transports energy from the generator to the end
user (Figure 3). Solar and wind energy are variable renewable energy (vRE) sources as they depend
on the weather. The increasing presence of vRE in the power grids of countries is becoming one of
the most important drivers in the price level and volatility of day-ahead and intraday prices.

Figure 3: Overview of conventional and renewable energy sources connected to the grid
Germany is one of the global front-runners in vRE generation. They expect variations of up to 2-4
GW, within a few minutes, on any typical day by the year 2025-2030 (Wettengel, 2016). The share
of wind energy in the German grid can vary by more than 24% during a 24 hour period (Wettengel,
2016). If the wind is too strong, wind turbines will shut down to prevent overloading and damaging
them (Thut, 2018). Solar PV energy generation relies on sun radiation, which can be interrupted by
cloud coverage and rain. As a result, vRE can be unpredictable. This variability means an increasing
amount of energy is traded on day-ahead or intraday markets, increasing the variance of energy
costs through fluctuating supply, resulting in value loss if there is a mismatch between predicted
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and actual energy requirements. To improve the buying and selling strategy of energy providers on
the day ahead and intraday market, a more accurate forecast of the actual power generation from
vREs is needed (Figure 3).
A better weather forecast, driven by better weather data will help to reduce the loss experienced
by vRE producers. Accurate weather predictions are required for grid stability and to secure profit
as markets transition to vRE. Improving the ability to predict weather conditions more accurately
both in space and time (higher spatial and temporal resolution, respectively), will enable energy
providers to better estimate production in the very short term and to optimize their selling and
buying strategies with respect to the intraday and day-ahead markets.
Accurate weather data is important to secure the future of vRE. Additionally, there other solutions
for grid stability include grid retrofitting, energy efficiency optimizations of buildings, the
optimization of currently existing machine-learning based prediction models for weather and energy
production, and the understanding of the end-user energy flow. All of these solutions will be
essential to solve issues of balancing the energy grid load, the attempt to ensure that there is enough
power to meet demand at any time while attempting to minimize waste. German market experts
place special emphasis on understanding the end-user energy flow, a factor not well-understood
that can potentially be improved.
Forecasting electricity demand in the grid is as important as forecasting the supply because they
both need to be in constant balance. The majority of electricity is traded in long term futures
contracts, based on historical data over years and decades. Within these contracts the baseload
future for one year represents the demand for every hour over the year in the grid. There are various
influencing factors for the demand side like time, day, season, temperatures and weather. Cold and
hot weather cause an increase in power demand because of electrical heating systems air
conditioning respectively (TenneT, 2017). While it is possible to estimate the average seasonal
change, sudden weather conditions like an approaching cloud front can lead to an unexpected
increase in power demand because of increased use of lights, heating, or cooling. This goes beyond
the scope of our work. Our focus was analyzing the influence of increased accuracy of weather
prediction on energy generation.
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2.2. How is weather forecasting performed?
Weather forecasting is a human endeavor to predict the weather by means of science and
technology. Hence, it requires both knowledge and technique to project the state of the atmosphere
into the future. The projection is done through a model, which can be defined as a process of taking
current and/or historic knowledge of atmospheric parameters, and using mathematical tools to
extrapolate the future state of specific atmospheric parameters (Figure 4).

Figure 4: Weather forecast schematics, showing atmospheric observations as inputs into forecast
models.

2.3. Classification of forecasting method types
2.3.1. Statistical methods
Statistical methods take raw meteorological data and apply statistical modelling techniques to
produce a forecast. Statistical models do not involve any physical modelling of the resource, which
means there is no actual modeling of the atmospheric processes. As a result, these methods are
computationally cheap relative to other methods. A disadvantage of this type of method is that vast
amounts of historical data is usually required and needs to be processed in advance. A good review
of statistical methods pertaining to cloud detection can be found in (Tapakis and Charalambides,
2013).
2.3.2. Persistence method
The simplest concept of a statistical method is known as the persistence method. This method is
based on the assumption that weather conditions at the time of the forecast will not change. This
means that all relevant weather parameters at the next time step will remain the same as at the
time of the observation. The method works well for very short time scales (Soman et al., 2010), and
is widely used as a benchmark for other methods.
2.3.3. Physical models
Physical models, or meteorological models, are based on different types of atmospheric data
(temperature, pressure, humidity, water-vapor evaporation, etc.) and the processes they are
involved in. Such models are usually referred to as numerical weather prediction (NWP) models.
They attempt to simulate the different atmospheric processes in a given region starting from initial
boundary conditions based on atmospheric observations (the processes happen at several scales,
from Earth-scale down to small-scales). A computer simulation is set up, which is built of a grid that
mimics the initial conditions, and advances it in time step-by-step by solving numerically for the
equations of the known physical processes at each step. These models are referenced most
commonly in scientific literature. Their accuracy means they are applied to numerous industries for
a variety of purposes (Figure 5).
Disadvantages of using physical models are that they must be approximated to the most
current scientific knowledge of weather processes. Not all weather processes are well understood,
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or can be modelled on the same scale, which introduces errors into the final values of the prediction.
In addition, the equations used in physical models are complex and require a high computational
cost to be solved. The chaotic nature of the equations dictates that any inaccuracy in the initial
conditions may lead to growing errors in the output.
To reach high spatial resolutions, the simulation must either have very large grids or be run on a
smaller computational box with the boundary conditions approximated by a simulation of coarser
resolution. The first requires a large amount of computational resources, while the second
introduces errors.
Some physical processes happen on a scale too small to be included directly in the calculations (like
molecular processes in gases and liquids). These are usually referred to as sub-grid processes and
are incorporated into the simulation as very simplified processes at the grid scale. This introduces
errors into the prediction.
These models represent our best understanding of the way weather evolves. Even without the
requirement of modelling any historical data, the models are so complex that some of the most
powerful computers in the world are required to run the most advanced models. A good review of
NWP models relevant to solar energy applications can be found in Sobri, Koohi-Kamali, and Rahim
(2018).

Figure 5: Atmospheric weather models (NOAA, 2018c)

2.4. Why is weather forecasting so challenging?
Weather is broadly defined as the state of the atmosphere. Weather reflects short term atmospheric
conditions. Examples include the degree to which it is hot or cold, humid or dry, clear or overcast.
While the impact of weather on day-to-day life is well known, the atmospheric processes that
govern it are only partially understood. Parameters that define the atmosphere include, but are not
limited to: temperature, humidity, air density, wind speed, and aerosol density.
Humans try to predict weather accurately due to the impact weather can have on daily life.
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Predicting weather accurately is complicated due to the large number of variables involved.
Furthermore, prediction is complicated by two inherent traits of the atmospheric system:
1. the equations that govern weather cannot be analytically solved, and therefore require
computers to approximate solutions using various modelling techniques, and
2. the chaotic nature of weather means that minor changes to the initial conditions can result
in significant changes to estimates over time. An example of this is shown in Figure 6.
Weather data produced from atmospheric observation has accuracy limitations (Dijkstra,
2013), which further limits the how far ahead weather can be predicted.

Figure 6: An example of a chaotic system showing two models that diverge significantly over
similated time with slightly different initial parameters (ABARIM Publication, 2017).

The complexity of the system means that reliable forecasting has only been possible in the last
century, mainly due to the advent of computers in conjunction with the progress of scientific
understanding of the atmosphere. It has only been in recent decades with increasing computer
power that weather forecasts have been extended into the realm of several days into the future as
part of an extended worldwide research effort. The World Meteorological Organization
(WMO, 2018), an agency of the United Nations, assists this effort by dedicating itself to meteorology
and climate, attempting to coordinate international efforts in the area of improving weather
prediction, but there is still much room for private business initiatives.
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Measurement of weather
2.4.1. Model output statistics
Model output statistics (MOS) are physical models which combine previous observations and model
predictions using statistical methods. This improves the predictions of specific parameters (Klein et
al., 1974). Such methods alleviate systematic errors and improve the reliability of the prediction.
2.4.2. Ensemble methods
Ensemble methods are often used to increase the validity of NWP models. The introduction of an
error estimate to the final prediction values is calculated in several different ways. This is done by
either running the same model multiple times with slightly different parameters or initial conditions,
or by calculating the same values using different models. This gives an indication to the reliability of
the prediction, and can account for errors introduced from imperfect initial conditions and from
model inaccuracies. A good overview of ensemble methods for weather prediction can be found in
Bessa et al. (2017).
2.4.3. Machine learning
Machine learning (ML) is the name coined for a group of computer models that are able to identify
connections within data. Machine learning for weather prediction, refers to methods that use a
network of “neurons”, usually referred to as an artificial neural network (ANN) which processes
input data and classifies it. This is done by “training” the network on a set of inputs with known
outputs, and changing the network accordingly to maximize its ability to correctly classify the
learning set. This learning set is usually composed of a time-series (a set of chronologically ordered
observations of one or more atmospheric variables), including the ones to be predicted, which is
then broken down into short sets; the input in this case is “the measurements between time t-n and
t” and the output is “the relevant parameters at time t+dt”. This allows training the network to
forecast the relevant parameters at a time interval dt from the present given a number of n
observations previous to this time.
Machine learning models can be used at two points in the weather prediction process: they can be
used in the process of preparing the large amounts of observational data which then go into the
forecasting model, or they can be used for the forecasting itself. As an example, a good review of
ML methods in solar irradiance prediction can be found in Voyant et al. (2017).

2.5. Classification of forecasting scales
One model cannot be relevant to all applications. It is important to consider the specific application
requirements when selecting a model. Two main considerations are spatial and temporal resolution
with respect to an application (Figure 7). There are two types of spatial scales that can be used when
discussing weather prediction models. The first is the area to which the model is relevant; the whole
Earth, a specific continent, a specific country or a specific small area within a country (one wind
turbine farm, for example), etc. The second is the spatial resolution of the model (how big is the side
on one cell in the horizontal grid). For the sake of clarity, we will adopt the latter throughout this
work.
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Figure 7: A compilation of the different methods depending on their classifications (Widen et al.,
2015). The X-axis depicts the temporal resolutions that the models are currently capable of, while
the Y-axis gives their spatial resolution. The rectangular boxes show the current capabilities of
different types of observations.
2.5.1. Global models
Global models deal with the largest possible areas from country scale to the entire Earth. These
kinds of models typically have spatial resolutions of 10 km or above and are used as the limit
between scales. Although many physical models exist, there are two highly popular global scale
models:
1. the global forecasting system (GFS) consists of four different NWP models that are coupled
to provide a global perspective of the weather conditions. GFS has a spatial resolution of 28
km and an internal temporal resolution of three hours. This model is good for prediction of
extreme weather events and other types of weather that do not relate to smaller scales like
cyclones.
2. the European centre for medium-range weather forecasts (ECMWF) model, which is created
by the eponymous research institute and operational service. It produces global numerical
weather predictions with a spatial resolution of 16-50 km and a temporal resolution of three
hours.
The difference between the two models is that ECMWF generally outperforms GFS, but the model
takes longer to compute. This means that ECMWF is only available twice a day while GFS runs four
times a day.
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2.5.2. Mesoscale models
Mesoscale models are relevant to scales that are between the global scale and the microscale. Such
models can fit a specific district or county, an agricultural area, etc. These usually have a spatial
resolution of 1-10 km. This range will be used going forward.
There is currently much interest and development for these kinds of models, especially in
coordination with the temporal resolution of less than a day. The potential for this range lies in the
fact that it lends itself relatively easily to the combination of physical and statistical methods.
2.5.3. Microscale models
The microscale typically deals with small spatial extent areas like a single city, farm, a single street
or house. Microscale models typically use a statistical model, for which the most suitable input data
is from local ground stations and aerial observations. As this scale is not relevant to any of the
applications we propose in this work, we have not analyzed any microscale models below.

2.6. Classification of forecasting applications
A variety of models are focused on producing accurate forecasting for certain parameters of
importance for specific applications. All applications are sensitive to parameters like temperature,
humidity and precipitation in a general way, but for some, certain parameters directly impact them
significantly. We have focused on three types of such applications - ones that rely on solar irradiance,
wind velocity and wave amplitude (Figure 8). Wave amplitude has been included at this time as a
secondary consideration for off-shore wind farms.
2.6.1. Solar Photovoltaics
For renewable solar energy, the most interesting parameter is the amount of solar energy per unit
time impinging on the solar application. This parameter is commonly referred to as solar irradiance,
for which data is generally provided in terms of W/m2 by global and mesoscale models. Different
components of solar irradiance are relevant for different solar applications. For a flat, fixed solar
panel, the most important parameter is the global horizontal irradiation (GHI). The GHI is the total
amount of radiance per unit time that reaches a horizontal surface of 1 m2. GHI takes into account
the contribution of radiation that arrives to the panel without scattering (the Direct Normal
Irradiance or DNI) and the radiation that arrives to the panel after being scattered (diffused) in the
atmosphere and/or ground (the Diffuse Horizontal Irradiance, DHI). Examples of widely used global
models are the ones provided by the GFS and the ECMWF. Accuracy can be improved with dedicated
NWP models at the mesoscale, as in the Weather Research and Forecasting model, WRF (Jimenez
et al., 2016) and WRF-KF (Diagne et al., 2014). Particularly, some mesoscale models are focused in
specific geographical areas, for instance the Rapid Refresh (RAP or RR) model (Benjamin et al., 2016)
for North America and the SolarAnywhere model (SolarAnywhere, 2018) for North America, Hawaii
and Caribbean.
2.6.2. Wind
There are many applications that are directly affected by wind velocity: wind energy production,
avionics, maritime and many more. Wind velocity is given by its speed (in m/s or knots) and direction.
It can be measured locally and from satellites. In terms of satellites, wind speed data is provided at
10 m above ground level. Wind turbines are typically located at 50 m or 100 m above ground level,
therefore either local measurement is needed or extrapolation models must be used (Badger et al.,
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2016). Models that provide forecast of parameters relevant to wind applications are the same as
those that provide parameters relevant to solar applications. This is the case of the global models
like GFS and ECMWF, and the mesoscale methods like RAP and its complement model called high
resolution rapid refresh (HRRR).
2.6.3. Waves
Many offshore applications like offshore wind farms are also directly affected by wave amplitude.
There are several models that predict this parameter. The resolution is typically better in the coastal
areas than at offshore. The modelling of waves is extremely complex and therefore in situ
measurements and satellite measurements are integrated with model simulations. Any
improvement in the time scales is very costly. Typical models are WaveWatch III, WAM and realtime ocean forecast system (ROTFS).
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Figure 8: A compilation of the different methods depending on their classifications (Widen et al.,
2015). The X-axis depicts the temporal resolutions that the models are currently capable of, while
the Y-axis gives their spatial resolution.
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Table 2 shows the specific models referred above, and defines where they can be found, the type
of method, an indicative value of the look-ahead time that can be achieved, the temporal and spatial
resolution and the scale at which the model is applied.
Table 2: Summary of relevant methods.

Name of Method

Relevant to Method
Resource
Type

Lookahead Temporal
Spatial
time resolution resolution
(h)
(min]
(km]

Scale

GFS (emc.ncep.noaa.gov,
2018)
Solar/ Wind

NWP

192

3h

28

Global

ECMWF (ecmwf.int,
2018)

Solar/ Wind

NWP

240

3h

16-50

Global

WRF-solar (Jimenez et
al., 2016)

Solar

NWP

6-48

1

3

Mesoscale

WRF-KF (Diagne et al.,
2014)

Solar

NWP

24

1

3

Mesoscale

SolarAnywhere
(solaranywhere, 2018)

Solar

30-60

1-10

Mesoscale

Prediktor (Lanberg et al.,
2003)

Wind

NWP

48

60-360

10

Mesoscale

RAP
(rapidrefresh.noaa.gov,
2018)

Solar/Wind

NWP

6-12

60

13

Global

HRRR (ruc.noaa.gov,
2018)

Solar/Wind

NWP

1

15

3

Mesoscale

HIRLAM (hirlam.org,
2018)

Solar/ Wind

NWP

0-6

15

2.5

Mesoscale

RTMA
(nco.ncep.noaa.gov,
2018)

Solar/Wind

NWP

1

15-60

2.5

Mesoscale

WaveWatch III
(polar.ncep.noaa.gov,
2018)

Waves

NWP

1d-7d

60

50 km

Global

WAM (Group, 1988)

Waves

NWP

144

3h

25 km

Global

COSMO-DE (cosmomodel.org, 2018)

Solar/Wind

NWP

1d-3d

180

7

Mesoscale

RTOFS
(nco.ncep.noaa.gov,
2018)

Waves

NWP

120

60

~10 km

Global

Statistical
regression 1h- 5d

Current interest in ML is also reflected in the amount of scientific literature on ML methods in
weather and in particular is linked to the applications referred to above (Voyant et al., 2017). The
big advantage is that the weather forecasting model used can be tweaked to be more accurate for
a specific application through the use of ML (Table 3).
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Table 3: Summary of machine learning relevant methods.

Look-ahead
time (h]

Look-ahead
time (h]

Application

lower value

upper value

et al., 2017)

Solar

1

6

Fuzzy and Neural Network (Chen, Gooi,
and Wang, 2013)

Solar

8

18

Notton et al. (2013)

Solar

0

0,17

Amrouche and Le Pivert (2014)

Solar

24

24

DRWNN (Cao and Lin, 2008)

Solar

1

1

Dahmani et al. (2014)

Solar

0.01

0.01

Kashyap, Bansal, and Sao (2015)

Solar

50

50

ADALINE (Cadenas and Rivera, 2007)

Wind

0,5

24

Name
(of Method)
Multi-Layer Preceptor Architecture (Jimenez

2.7. Summary
It can be seen from the data presented, that depending on the spatial and temporal resolutions
required, different models can be implemented for a certain target application. In particular, very
popular models (like GSF or ECMWF) are a good starting point for most applications, unless specific
requirements in terms of resolutions are needed.
Due to the large number of modelling types, market analysis was used to further define solution
parameters available to solve the customer problem.

31

3. The electric power industry structure
The electricity market consists of multiple levels: corporations own power plants that generate
electricity. This is then sold on to electricity suppliers who sell to end users. Electricity is transported
from the place of production to the end user via the power grid, which consists of a transmission
and a distribution grid. The transmission grid, which connects major power plants, is responsible for
the bulk transmission of electricity over long distances within a country and with foreign grids of
other countries. It is operated by transmissions system operators (TSOs) who, in many countries,
are also in charge of the development of the grid infrastructure. TSOs provide generating companies,
distributors, traders, and large direct customers with access to the electricity market (Figure 9). The
distribution grids connect the majority of electricity consumers on high, medium or low voltage
levels, depending on the size and demand of the consumer (ENTSO-E, 2018).

Figure 9: Electric grid schematic, based on Mbizon under Creative Commons Attibution 3.0
Unported.
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It is crucial that grids operation includes cautious planning and monitoring at all times to ensure a
reliable energy supply. Any large deviation from nominal ranges can cause a chain reaction of faults
and potentially result in a blackout of regions or even whole countries and continents (UCTE, 2006).
The electricity generated by conventional and renewable power plants is fed into the grid and traded
directly or indirectly to consumers in different time frames. The price for the traded megawatt hour
(MWh) is a highly complex function of supply and demand, time of the day, seasons, special
situations, and location. It has a large variety depending on the time frame it is traded in. There are
two main trading markets: spot, where the price reflects the present situation, and the future
market, where electricity is traded one year ahead taking into account historical data and
predictions (Figure 10). The focus of our report is on the spot market because only the spot price is
affected by weather conditions.

Figure 10: Electricity trade markets time frames.
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4. Development of renewable energy sources
Renewable energy sources will play an increasingly important role in the global energy market in
the future, helping to achieve the increase of demand in a sustainable way. The International Energy
Agency predicts that renewable energy sources will make up for about two thirds of the total annual
net capacity addition by 2040 (Figure 11)

Figure 11: Global average annual capacity additions by type
A comparison of the regional development of renewable energy sources in the near future (i.e. up
to 2022), by the International Energy Agency, forecasts that China and India will play a major role in
the installation of additional renewable capacity. In contrast, the capacity growth in Europe is
expected to decrease (Figure 12).

Figure 12: Renewable capacity growth.
By 2022, it is estimated that China will have added a total capacity of 363 GW in renewable capacity
compared to 2016, which means that the share of variable renewables in China's energy market will
grow from 5% in 2016 to 11% in 2022. For Europe, the added capacity will only be 106 GW, but the
share of vRE sources will rise above 20% in many European countries (like Germany, Spain, Denmark,
and Ireland; Figure 13).
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Figure 13: Share in annual electricity generation.
Nowadays, renewable power sources already represent 25% of the total electricity market
worldwide (International Energy Agency, 2017). Hydropower still remains the largest renewable
source, followed by wind and solar PV. The adoption of renewable energy sources has increasingly
accelerated over the past few years thanks to three main factors:
•

Government incentives aimed at reducing CO2 equivalent emissions;

•

Technology improvements that reduce the investment and operation costs of renewable
power plants;

•

Increased demand for electricity.

When compared to hydropower and other energy sources like coal, gas or nuclear, vRE present
higher levels of variability. This variability and the related uncertainty is the focus of this report as
these form the largest market opportunity for value based solutions within the energy sector.
Globally, PV and wind power are expected to keep growing at a fast pace during the period 20172022 and beyond (International Energy Agency, 2018c). In 2017, new installations of solar PV
surpassed those of fossil and nuclear combined. Market analyses show that renewables will
represent two-thirds of the total investments in power plants until 2040 (International Energy
Agency, 2018b). In the EU alone, renewables currently represent 80% of the new installed capacity,
and wind power is expected to be the single largest power source by 2030 (International Energy
Agency, 2018b).

4.1. Solar PV
Global capacity of solar Photovoltaic has grown dramatically over the past 10 years, going from
about 25 GW in 2007 to over 400 GW in 2017 （Figure 14）. As of 2017, 29 countries have
installed solar PV capacity of over 1 GW, seven countries have more than 10 GW, four have more
than 40 GW and China alone has 131 GW (

Table 4). Just in 2017, the global increased capacity from solar PV was larger than that of any other
type of power generation (REN21, 2018). This steep growth is expected to continue, with an
expected 178 GW of additional capacity to be installed in the period 2017-2022. A key factor driving
this rapid expansion is the increased competitiveness of solar PV. A state-of-the-art large-scale solar
PV plant can reach energy costs of EUR 88 per MWh (73% lower than in 2010; REN21, 2018). Solar
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PV is competing head-to-head with fossil-based installations, without the need for dedicated
subsidies.
Centralized, large-scale, grid-connected solar PV accounts for most of the installed capacity and
growth. New installations of off-grid solar PV disconnected from the national grid is done in a smaller
scale and are mostly limited to parts of Africa.

Figure 14: Evolution of total installed capacity for solar and wind from 2002-2022

Table 4: Capacity of solar PV top 10 players (International Energy Agency, 2018a).

Top 10 countries by total installed capacity and new installations in 2017 - Solar PV
#

Country

131.0

1

China

53.0

USA

51.0

2

USA

10.6

3

Japan

49.0

3

India

9.1

4

Germany

42.0

4

Japan

7.0

5

Italy

19.7

5

Turkey

2.6

6

India

18.3

6

Germany

1.8

7

UK

12.7

7

Australia

1.3

8

France

8.0

8

Korea

1.2

9

Australia

7.2

9

UK

0.9

10

Spain

5.6

10

Brazil

0.9

#

Country

1

China

2

TOTAL Top 10

Total installed capacity (GW)

344.5

TOTAL Top 10

Installations 2017 (GW)

88.4
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4.2. Wind
Wind power capacity has gone through a rapid expansion, almost doubling the installed capacity
every four to five years for the last 15 years. However, the rate of growth has stabilized or even
declined over the past three years.
This apparent reduction was mainly caused by a decrease in the number of new installations in China.
However, India and many European countries like Germany, United Kingdom, France, Belgium,
Ireland, and Croatia have experienced record years over the same timeframe. China alone has
around 40% of the worldwide installed capacity of wind power, followed by USA, and Germany —
the European country with the largest installed capacity Table 5). Despite the overall slow-down in
the recent years, wind power is expected to grow significantly in the period 2017-2022, rising from
539 GW to 860 GW of total installed capacity worldwide (International Energy Agency, 2018c).
Improvements in technologies and increased competition have driven wind power costs down,
fueling the steep growth of the sector. In 2017, Germany, one of the leading countries in installed
wind power capacity, has seen record low bids at EUR 38 per MWh (REN21, 2018). While more than
96% of today’s global installed wind power capacity is onshore, offshore wind power has
experienced a 30% growth in 2017 alone, adding 4.3 GW of additional capacity to make a total of
18.8 GW worldwide (REN21, 2018).

Table 5: Capacity of wind major players (GWEC, 2018)

Top 10 countries by total installed capacity and new installations in 2017 - Wind
#

Country

#

Country

1

PR China

188.4

1

PR China

2

USA

89.1

2

USA

7.0

3

Germany

56.1

3

Germany

6.6

4

India

32.8

4

UK

4.3

5

Spain

23.2

5

India

4.1

6

UK

18.9

6

Brazil

2.0

7

France

13.8

7

France

1.7

8

Brazil

12.8

8

Turkey

0.8

9

Canada

12.2

9

RSA

0.6

10

Italy

9.5

10

Finland

0.5

TOTAL Top 10

Total installed capacity (GW)

456.8

TOTAL Top 10

Installations 2017 (GW)
19.7

47.3

37

5. The global energy markets and regulation
Global energy demand is expected to rise over the next years because of a significant increase in
population and household access to the electricity grid, especially in developing countries. The
highest growth of electricity demand is expected to be seen in China and India. According to the
International Energy Agency, these countries will exceed the demands of Europe by 2040 (Figure
15); International Energy Agency, World Energy Outlook 2017).

Figure 15: Electricity demand by selected region.

The energy sector is governed by regulation. Each country has certain rules and standards that their
policy makers specify in their respective jurisdiction, especially in relation to renewable energy (Berg
and Brown, 2012).
The authors have provided a high level summary of the regulations relevant to the energy market
research. The primary driver for regulation of infrastructure in sectors like energy is to ensure proper
competition, to prevent the establishment of a dominant or a monopolistic utility service provider,
and to keep prices down.

5.1. European Union
5.1.1. Market
The electricity market in Europe is currently undergoing a transition from being monopolistic and
highly regulated towards a more competitive liberalized structure. The goal is to interconnect all
European electricity markets and get to converging prices in all member states (EPRS, 2016). Europe
possesses a solid structure of transmission grids, distribution grids, and trading platforms in a
mature market that spans across the entire region (Figure 16).
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Figure 16: Simplified structure of the European Electricity Grid

The majority of energy in Europe is traded at the European power exchange (EPEX) spot market.
Within Europe, the costing structure for energy is variable. While in countries like Germany and
France all energy is traded on the EPEX spot price, in others like Spain there is a penalty system that
is applied if the production deviates from the forecast, creating a strong demand for highly accurate
forecasts (Federal Ministry for Economic Cooperation and Development, 2015).
The renewable energy directive of the European Commission provides a framework for the energy
transition within Europe. The goal of the European Union is to fulfill at least 20% of its total energy
demand with renewable energy sources by 2020 and at least 27% by 2030. Member states of the
European Union have to open their grids for renewable energy sources and prioritize them over
conventional energy. Each country within Europe has presented a national plan to show how they
aim at achieving the renewable energy targets (European Commission, 2009).
Germany, one of the global front-runners of renewable energy generation, has significant expertise
in the vRE market. The total installed capacity of 56.1GW wind power and 42GW of photovoltaic
power plants currently provides about 25% of the annual power generation. Germany’s vRE capacity
is expected to increase even further as a consequence of the national strategy to become nuclear
free by 2022.
To date, the renewable energy market in France is only moderately developed because the country
is still focused on nuclear power generation. France currently has approximately 8GW of solar and
12 GW of wind (Elliot, 2018). However, there is an increasing interest and need for renewables
because the government agreed to reduce the nuclear generation from the current 75% down to
50% by 2025 (Elliot, 2018).
Denmark has a vRE promotion scheme. On top of the market price, they have price supplements
that ultimately also require accurate forecasting (Federal Ministry for Economic Cooperation and
Development, 2015).
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5.1.2. Regulation
The EU energy policy has three key components: market competition, sustainability and security,
enshrined in the Lisbon Treaty (Article 194 of the Treaty on the functioning of the European Union;
EU Commission, 2011a; Black, 2013). Market competition here applies to the assessment of
competition in the EU energy market. The treaty refers to sustainability as the promotion of energy
efficiency and energy saving in the context of the development of new and renewable forms of
energy. Security, or energy security, is in reference to the continuous supply of energy at a
reasonable price.
Energy networks have historically been built and operated on a national basis by vertically
integrated monopolies. These monopolies are often partially or fully owned by the state and the
state’s interest is exercised either by central or regional governments as described by the
Organization for Economic Co-operation and Development (OECD) in 2018. From the 1980s onwards,
the trend moved towards environmental sustainability and greater energy generation through
renewable sources, with a focus on liberalization to facilitate the development of efficient internal
markets, and on securing the supply of electricity and gas within the EU and between the EU and
neighboring states (Black, 2013).

5.2. United States of America
5.2.1. Market
The United States of America (USA) has ample renewable energy resources. Land-based wind totals
more than 8000 GW of potential capacity. The generation potential of photovoltaics is limited only
by the land area devoted to it, with an average production of 100-250 GW/100km2. Thirty states,
including the District of Columbia, have established renewable portfolio standards (RPS) requiring
to produce a given share of electricity with renewable sources (APS Panel, 2018).
5.2.2. Regulation
The electricity market in the USA is broadly divided into two categories: the sales and transmission
of electricity in interstate commerce regulated by the Federal Energy Regulatory Commission (FERC)
(Thomson Reuters, 2018), and the local distribution and sale of electricity at retail level. Recently,
some states have led the growth and drive for the use of renewable energy resources by proposing
and enacting legislation aimed at increasing renewable energy growth, establishing renewable
generation targets, and removing barriers to entry into the market for renewable energy (Thomson
Reuters, 2018). The FERC is an independent agency under the Department of Energy (DOE) that
regulates the rates, terms and conditions of wholesale and transmission of power in interstate
commerce by public utilities. Five companies own 44.76% of the total market value of the 20 largest
electric utilities in the USA (Thomas Reuters, 2018). Executive Order 13693 states that by 2025, 30%
of the electricity consumed by the Federal Government should come from renewable energy
sources (United States Environmental Protection Agency, 2015).

5.3. China
5.3.1. Market
The National Energy Administration of China governs China’s trade of electricity. The government
sets on-grid price and sales price and there is no mature power market. The government recently
decided the price of solar and wind energy would be decided by the market. Currently, the energy
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providers rely heavily on government subsidies. The government implements a classified project
management policy, and for most projects, with the exception of the poverty alleviation plan project,
the subsidies decrease every year and will be completely phased out in 2020 for solar energy
(National Energy Administration of China, 2017). For wind, from 2019 onwards, newly approved
centralized wind power projects will all be configured and determined by means of competition
(National Energy Administration of China, 2018). As a result, several electricity trading markets were
set up. Currently, the price does not change throughout the course of the day.
China began its power market reform in 2015. The pre-reform market consisted mainly of power
generation companies and power grid companies. The power generation company is responsible
for the production of electricity using coal, water, wind, solar, nuclear, and others. The grid company
is responsible for building the power grid and for the transmission, distribution and sale of electricity.
China's electricity market is divided into three parts according to the administrative region, each
one with its own power company.
The goal of China's power reform is to establish a market-oriented power trading system. Therefore,
two national-level power trading centers and many provincial-level trading centers have been
established. The electricity sales market has also been opened, allowing newly established
companies to engage in selling power to the end user. The power sales channels include three types
of sale: direct sales of the original grid companies, new power sales companies established by the
grid companies, and independent power sales companies. This is the post-reform market.
Energy forecasts play a role in helping connecting new energy sources to the grid. In 2017, the power
energy waste rate exceeded 30% for wind and 20% for solar in Xinjiang and Gansu Provinces, the
two largest wind power and photovoltaic power generation regions in China. By the end of 2017 the
total wind market was 160GW. By the end of 2020 the total wind market capacity is anticipated to
be 210GW.
5.3.2. Regulation
A coherent energy policy, with an effective regulation of the energy sector and improvements in
technical efficiency would contribute greatly to a reduction of the negative environmental impact
of the sector without the need of any drastic environmental measures (Oberheimann, 2004). The
state electricity corporation divested most of its generating assets, transferring them to a number
of new generating companies (Lam, 2018).

5.4. India
5.4.1. Market
The government of India has encouraged renewables since the ratification of the Paris Agreement.
The country currently ranks fourth in the world for installed wind capacity (India Brand Equity
Foundation, 2018). As of May 2018, the total installed renewable capacity in India (hydro included)
was 114.42 GW. The government of India is hoping to exceed the targets agreed to in the Paris
agreement (175 GW by 2022) by aiming to have a capacity of 225 GW (India Brand Equity Foundation,
2018).
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5.4.2. Regulation
As the Indian economy undergoes large-scale transformation in various key sectors, Energy security
has emerged as a key factor to unlock the country’s potential and growth in areas like offshore wind
energy generation and installation of rooftop photovoltaic power stations (Menon and Bhagat,
2016).
The energy sector in India is controlled by the Ministry of Power and the Ministry of New and
Renewable Energy. The primary statute that governs generation, transmission, distribution, and
trading of electricity is the Electricity Act of 2003. This document provides for the details of the
National Electricity Policy 2005, the National Tariff Policy 2016 (Menon and Bhagat, 2016).

5.5. Summary
The global electricity market is complex and has significant differences across regions. While
renewable energy sources are expected to grow worldwide, the speed of this transformation will
depend on several factors. When choosing the most attractive markets for a potential business
model, many different parameters have to be taken into account. As a result, we focus on countries
that have a significant share of renewable energy sources in their portfolio, or will have it in the
future. These countries would represent the largest customer.
The growth potential with respect to renewable energy sources (both percentage wise and in
absolute capacity) should be evaluated to determine the potential of future markets. The largest
growth potential will depend on factors like the weather situation in the respective country, political
decisions, and technical developments.
The presence of a mature electricity market with a penalty system that forces electricity providers
to provide an accurate forecast of their production was considered.
Stability and a supportive legal environment are essential to decide whether it would be possible to
do business in a country are factors that should not be forgotten.
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6. Market analysis
To assess whether it makes business sense to develop a more accurate weather forecast to serve
the wind and solar energy sectors, it is essential to determine the market potential. To do this we
need to estimate the size of the target market and define what share of that market could be
targeted.

6.1. Energy trading
Short-term energy trading is done either on a day-ahead or intraday basis. Most of the energy traded
short-term is traded day-ahead, while only a small amount is traded intraday. Within intraday
trading, several schemes exist, like hourly continuous (which is the most commonly one), 15-min
continuous, and 30-min continuous.
The following research and analysis used Europe as a framework to model market potential. Europe
provides a relevant baseline due to market maturity incorporating a solid infrastructure of
transmission grids, distribution grids and trading platforms. The total energy consumption on the
day-ahead and intraday volumes varies across countries whose energy is traded on EPEX (Table 6).
These countries represent approximately 50% of the energy consumed by the EU.

Table 6: Comparison of day-ahead and intraday volumes traded in EPEX for selected countries
(EPEX SPOT, 2017) and (CIA, 2018).

Country

Total consumption Traded day-ahead Traded intraday
(TWh)
(TWh)
(TWh)

Germany/Austria/Lux

591

233

39.5%

47

7.9%

France

436

106

24.2%

4

1.0%

UK

302

50

16.7%

15

5.0%

Switzerland

58

23

39.9%

2

3.5%

Netherlands

106

33

31.2%

1

1.4%

Belgium

82

18

21.8%

1

1.3%

TOTAL

1575

464

29.4%

71

4.5%

The day-ahead and intraday energy prices vary considerably on a day-to-day basis, and can even be
negative on occasions. Most of the time, but not always, intraday prices are higher than day-ahead
prices (Fraunhofer ISE, 2018).

6.2. Market potential for solar and wind energy
A method to estimate the market size is to quantify the absolute difference between day-ahead and
intraday energy prices and multiply this by the volume traded intraday. The number represents the
potential savings that could be achieved if all intraday energy related to solar and wind power was
traded at the lowest price of either intraday or day-ahead for every day of the year. A more accurate
weather forecast would arguably help to shift traded volumes from intraday to day-ahead when
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intraday prices are expected to be lower than day-ahead because weather conditions and the other
way around. The final step is to apply the estimated share of solar and wind power that can be
improved through more accurate weather forecasting.
The identified potential for the countries in Table 7 is 60.8M euro, compared to 109M euro for EU28 countries. This analysis illustrates potential savings per MWh traded. According to our analysis,
this factor is in the range of 0.21-0.22 Euro/MWh.

Table 7: Market potential calculation (EPEX SPOT, 2017), (CIA, 2018), (World Bank, 2018),
(Fraunhofer ISE, 2018). Assumption: prices for day-ahead and intraday taken on daily basis for 2017
for Germany only.
Country

Germany/Austria/
Luxembourg
Germany
Austria
Luxembourg

Energy
%
Renewable
consumption Renewables energy
[MWh]
(ex. hydro)
[MWh]

% total ID vs DA
country identified
set
potential

ID vs DA
identified
potential
vRE

590,778,000

25.72% 151,943,830

37.51% 128,241,456

32,982,775

514,600,000

27.00% 138,942,000

32.68% 111,705,333

30,160,440

70,000,000

16.50% 11,550,000

4.44%

15,195,051

2,507,183

23.50%

1,451,830

0.39%

1,341,072

315,152

6,178,000

France

436,100,000

6.10% 26,602,100

27.69%

94,665,169

5,774,575

UK

301,600,000

23.00% 69,368,000

19.15%

65,468,963

15,057,862

2,513,350

3.71%

12,687,868

545,578

Switzerland

58,450,000

Netherlands

106,000,000

12.30% 13,038,000

6.73%

23,009,649

2,830,187

81,960,000

20.40% 16,719,840

5.20%

17,791,234

3,629,412

TOTAL

1,574,888,000

17.79% 280,185,120

341,864,338

60,820,389

EU-28
(production,
2016)

3,100,000,000

17.00% 527,000,000

643,012,400 109,312,108

Belgium

4.30%

By using this factor, we can estimate the total market potential worldwide by looking at the energy
produced by vRE in the top 10 countries by installed capacity (Table 8 and Table 9). These countries
represent 85-90% of the installed capacity in vRE worldwide (International Energy Agency, 2018a &
Global Wind Energy Council, 2017).
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Table 8: Solar Energy produced in the top 10 countries and the corresponding market potential.
Calculations based on own analysis and data from (CIA, 2018), (World Bank, 2018), (International
Energy Agency, 2018a)
Solar PV

Energy solar PV
(MWh0

Market potential
(Euro)

China

183,520,000

39,837,083

USA

78,220,000

16,979,384

Japan

55,362,480

12,017,653

Germany

38,440,620

8,344,388

Italy

23,088,000

5,011,762

India

32,488,000

7,052,240

UK

9,048,000

1,964,069

France

7,413,700

1,609,308

Australia

8,944,000

1,941,493

Spain

7,452,400

1,617,709

443,977,200

96,375,089

Table 9: Wind Energy produced in the top 10 countries and the corresponding market potential.
Calculations based on own analysis and data from (CIA, 2018), (World Bank, 2018), (Global Wind
Energy Council, 2017).
Wind

Energy wind (MWh)

Market potential
(EUR)

PR China

305,700,000

66,358,959

USA

250,000,000

54,268,040

Germany

105,500,000

22,901,113

India

53,726,000

11,662,419

Spain

45,676,000

9,914,988

UK

45,240,000

9,820,344

France

22,840,000

4,957,928

Brazil

42,253,000

9,171,950

Canada

30,081,000

6,529,748

Italy

15,984,000

3,469,681

917,000,000

199,055,170

Using this method, we estimate a total market potential worldwide of approximately 300M euro a
year (Table 8 and Table 9). However, because of the expected growth of installed capacity of vRE,
the market potential is expected to grow. In fact, a larger share of variable renewable energy sources
in a market and their increased fluctuation in the supply of energy might even widen the difference
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between day-ahead and intraday prices and result in a larger market potential. For the sake of our
analysis we adopted a conservative approach where we consider a market potential growth that is
directly proportional to the growth of vRE. Based on this assumption, we expect a market potential
of 476m euro in 2022 (Figure 17).

Figure 17: Variable renewable energy market potential - expected growth from 2017 to 2022.

6.3. Serviceable and obtainable market
To estimate the revenue opportunity for an eventual weather forecast service for the vRE sectors,
the total available market (TAM) was narrowed down, through the serviceable available market
(SAM) to estimate the serviceable obtainable market (SOM).
1. The TAM is equal to the total market demand, in this case 300M euro per year globally.
2. SAM is the portion of the TAM that is available for a potential weather forecast service.
According to interviews with suppliers of similar services, the customer typically retains 75%
of the savings, while 25% of the savings go to the service provider. This calculation narrows
the TAM down to a 75M euro per year SAM. While we could consider a geographical down
scoping, we deemed it unnecessary given the global reach of the service and the problem.
3. SOM is the market share that we can realistically control. The novelty and uniqueness of a
service to substantially improve weather forecasting for solar PV and wind power
generation would allow reaching an estimated 20-30% market share. This assumption
would reduce the SAM down to a 15m-22M euro per year SOM.
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7. Business model
7.1. Competitor analysis
The market for weather forecasting is quite diverse and offers a range of products from raw data to
specific power output predictions for a given plant. Traditional weather forecasting companies like
MeteoGroup or The Weather Company offer information mainly about the weather itself and
provide relatively good data for free. Companies that turn the data into relevant information, like
Meteoblue, offer an additional step in prediction. Companies like energy & meteo systems GmbH
process data further to provide specific power generation predictions (
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Table 10).
Pricing of weather data services can vary from tens up to tens of thousands dollars per month. A lot
of weather services provide specialized solutions tailored to energy producers and providers.
There are generally four types of data: historic, climate, forecast, and nowcast, often integrated in
different ways to provide unique data solutions.
Weather data can be provided as a continuous stream of data, or as trigger or event-related data.
Trigger or event-related data can be based on a combination of customer data, like wind
turbine/hub height and maximum wind speed for a specific turbine, and a specific weather event or
certain weather threshold levels, like a storm or strong winds. The triggers vary among customers,
energy production technology, and characteristics of the plant.
Timelines for the depreciation of value of weather data depend on the kind of data and the usecase. Energy producers who need help in choosing a fitting site for their wind or solar farm, for
instance, might look into historical data, while energy providers looking to optimize their production
operations for the energy markets need inter- or intra-day energy weather data in temporal
resolutions as low as 15 minutes or less.
The weather service industry is already able to forecast renewables power output with a remarkable
degree of accuracy. For example, the average deviation in the case of DWD’s north-east Germany
energy weather predictions is 2-4% for wind power and 5-% for PV over 24 hours (Wettengel, 2016).
These prediction services and products are offered by German companies and used worldwide. Yet
the market seems to be niche, with most of the existing companies operating with 10 employees or
less. The market leader, which is operating since 2004, has 70 employees (Wettengel, 2016). Overall,
the market does not seem to be highly profitable at the moment.
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Table 10: Comparison of selected weather and energy forecast providers, categorized by type of
data service, data, customers and additional services.

Name of
company

Type of
data
service

Types of
data

Customers
(energy or also others?)

Other services
provided

Accuweather Smart,
D3
adaptive

Forecast,
historic

Production, distribution,
transportation, marketing (no
energy specifically mentioned)

Meteoblue

Simple,
smart,
adaptive

Climate,
historic ,
nowcast,
forecast

Private, corporate (solar, wind,
agriculture, media, building
management, sports, transport,
Air traffic), science

Vaisala

Smart,
adaptive

Forecast

Air quality monitoring,
meteorological, transportation
weather over air, land and seas

The weather
company

Adaptive

Energy and
meteo
systems

Smart,
adaptive

Forecast,
nowcast

DelSur, CE-NACE, GIZ, MISO,
Statkraft

MeteoGroup Smart,
adaptive

Forecast,
nowcast

Shipping, offshore, transport,
End-to-end energy
water, energy, media, insurance solutions

Industrial
measurements,
consulting,
maintenance and
repair, monitoring

Agriculture, aviation, broadcast End-to-end weather
media, chemical and petroleum. solutions
government, ground
transportation, insurance, retail,
telecommunications
End-to-end energy
solutions, virtual power
plant
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7.2.

Revenue model

The revenue model is based on selling data packages directly and indirectly to customers in the
energy market. These data packages would consist of specific information tailored to the customers’
needs, depending on the sector. The proposed value for the customer will be better knowledge
about the state and condition in which his assets will operate and ultimately save costs. Following
industry practice we expect to retain a percentage of savings achieved by the customer through the
use of the service.
The information offered ranges from wind prediction, estimated power outputs of large vRE power
plants, notifications of possible emergencies and early warning of potential damages. The
information is based on an aggregation of weather parameters from a proprietary satellite
constellation and commercially available data from potential partners of numerical weather
prediction like solar irradiance. The customer will receive notifications and access to updates of
weather conditions on a regular update time, depending on the usage scenario.
For the wind energy sector the idea is to provide information about a global coverage of 3
dimensional wind and atmospheric condition in 15 minute update intervals. This improves the
detection of sudden wind condition changes, especially in areas where current solutions have gaps.
Better knowledge about such wind conditions would make it possible to warn customers of gusts
and storms to bring assets into safe state before the potential damage occurs.
For the solar PV sector, the concept is to assist large plants with a prediction of cloud motion based
on wind information from data of the satellites. In combination with systems such as ground based
cameras this could highly improve the accuracy of the power output for the next 15 minutes and
therefore allow better countermeasures from system operators.
For a further assessment of the feasibility of the project we propose to use a business model canvas
to also cover aspects such as key partners, major resources and cost structure. With better data
available this tool allows to create a complete strategy. In addition, we recommend a net present
value calculation and a sensitivity analysis to better understand the financials.

7.3. Market entry strategy
To enter the market we suggest focusing Germany, France and China.
Germany already has a very mature electricity market and a large share of renewable energy sources.
France, on the other hand, is still highly dependent on nuclear energy, but it will have to gradually
transition to renewable energy sources to meet the renewable energy targets of the European
Union (European Commission, 2009). For this reason, electricity providers in France are highly
interested in solutions that will support this transition.
China has the largest growth potential with respect to both the total electricity demand and the
installation of renewable energy capacity. While China has no mature electricity market at the
moment, this situation is expected to change in the near future, opening up opportunities for
solutions targeting the transition to renewable energy sources.
India and Morocco are geographical markets that would be interesting to investigate in the future.
India has a large growth potential for installed renewable energy capacity and Morocco presents
interesting weather conditions with a lot of wind on the shores and many hours of sun on the land
and therefore a large potential for wind power installations.
To enter the market we suggest a three staged approach.
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During the test and roll-out phase we suggest to focus on Germany and France. In Germany efforts
should be focussed on Amprion, EnBW Transportnetze AG, TenneT TSO GmbH, and 50 Hertz
transmission (four main grid net providers) plus large direct market players like E.ON, Vattenfall or
Innogy, owners of the largest solar PV and wind farms. The energy market in France is more
centralized compared to Germany with the partially state-owned company EDF being the largest
electricity producer, marketer and distributor.
After having established a sound customer base in Germany and France, we propose to address the
Chinese market. While the Chinese electricity market is not as mature as the market in Germany
and prices are determined by the Chinese government, the growth potential with respect to total
electricity demand and installations of vRE are very large. While electricity producers currently do
not suffer from losses due to imprecise weather predictions, the challenge of addressing the
volatility of vRE sources is present and will even grow over the next years. China is considering a
shift to a market like EPEX, but until that moment the government itself could be interested in
minimizing costs to stabilize the market.
Finally, once established in the European and Chinese market, we envision enlarging our global
market share by extending our services to regions like India, USA or Morocco.
The pricing strategy for our services will be an incentive based revenue model during the test and
roll out phase, taking a 30% share of the saved costs of our customer. As the business expands, we
foresee a transition to a fixed price model to reduce the complexity of the pricing process. This will
lower overhead costs required for the pricing process itself.

7.4. Diversifying market and product definition
After detailed consideration and examination of the literature, numerous interviews with industry
experts, it was challenging to evaluate the total market size of the energy market without access to
financial commercial data. Using our market analysis and business model we estimated a market
that directly would be directly addressed by our services. Although we appreciate there is abundant
literature on the indirect value of incorrect weather prediction, this is out of the scope of our project.
The market we calculated is very small relative to the costs that are associated with the creation of
a new satellite constellation. To maintain our mission objective, we opened up our market research
and analyzed what additional adjacent markets could benefit from our services. A more diversified
product and service portfolio which addresses the needs of multiple players in the electricity
markets and takes into account other adjacent markets will broaden our customer base and thus
reduce our risk by creating more potential ways of revenue.
7.4.1. Offshore wind
Offshore wind energy depends on many weather parameters, primarily based on the state of the
sea. Heavy sea conditions may damage wind turbines and/or make repair work much harder (Kumar
et al., 2016; Bandi and Apt, 2016; Terzi, 2016). We foresee potential to create additional services for
the energy market by addressing a slightly different need of the multiple players within this market.
Amongst these services are:
•

Weather warnings for off-shore wind farms, enabling them to avoid costly damages of the wind
turbines.

•

Maintenance weather predictions for off-shore wind farms which to improve the logistics of
the maintenance process and provide additional safety for the maintenance personnel.
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•

Historical data service for electricity providers to support them in the planning process of new
wind farms and solar PV power plants.

We also see a potential in offering services for adjacent market like maritime and aviation to cover:
•

High sea rough weather warnings for the maritime industry to optimize ship routing and avoid
severe weather conditions.

•

Information about the ionosphere for aviation to improve the positioning of aircrafts,
increasing flight safety. It will also allow the planning of flight paths with a higher confidence
level, so that less spare fuel needs to be carried, resulting in savings for the airlines.

•

Weather warnings for aviation to forecast and avoid severe weather conditions.
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7.5. Product list
Table 11: Commonalities between energy and new markets/product list

Product

Market

Customer

Description

Forecasting solar
irradiance for
Short term accurate
prediction of power power forecasting. Allows
production of solar
to optimize the selling
power plants in the
strategy
next hours
Forecasting wind
Short term accurate
speed conditions for
power forecasting. Allows
prediction of power of
to optimize the selling
wind farms a day
strategy
ahead
Wind turbines can be
Give warnings of
stopped and turned off of
extreme wind
the wind earlier to
conditions
prevent damages

Solar prediction

Energy

Solar plants

Wind prediction

Energy

Wind farms

NowWarning
Off-Shore Wind
Farms

Energy

Off-shore
wind farms

Energy

Predict weather
Off-shore conditions (wind and
wind farms waves) for preventive
maintenance

NowWarning
Off-Shore Wind
Farms Operation
and
Maintenance

NowWarning
High seas rough
Maritime
weather
warnings
NowWarning
Information
about
ionosphere
NowWarning
Warnings for
airports

Aviation

Aviation

Shipping
insurances

Airlines

Airports

Scientific
community
Long term data Credibility/
and
analysis
reputation
commercial
partners

Added value for
customer/ User
requirements

Look
ahead
time

6-24 h

6-24 h

1h

Improve planning of
maintenance/repair
activities and assure
security of personnel
during execution

24 h

Enable ship crew to
optimize their route
avoiding severe weather
conditions and thus
potential damages

6h

Provide information
Improved awareness of
about current state of
positioning and flight
ionosphere
safety
disturbances

1h

Predict weather
conditions (wind
speed and sea
roughness) and
provide warnings

Give warnings of
extreme wind
conditions in
different heights

Improved flight safety

1h

Historical data for
scientific and
commercial use

Access to all historic
acquired satellite data

Not
applicable
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7.6. Summary
The global electricity market is highly complex, with regional legal regulations. Besides the different
market structures, the transition to renewable energy sources varies significantly between countries.
Some markets are already very mature, with a large share of renewable energy sources, while others
are still at the beginning of this transition. How the global electricity market will evolve in the next
years will depend on political decisions and on the evolution of new technologies that solve the
inherent challenges posed by the use of renewable energy sources.
There has been dramatic growth in vRE over the past 15 years. This trend is expected to continue at
a fast pace in the foreseeable future, at the expense of fossil-based sources like coal and gas. The
focus of our analysis is on three main markets: Germany, France and China.
The variability in vRE power generation is highly dependent on local weather conditions. The larger
capacity of vRE in a country's power matrix increases variance in the energy supply in a country’s
grid.
Energy is traded either long-term (futures), or short-term (day-ahead and intraday). In a select group
of countries consuming half the power in the EU 34% of the energy is traded short-term (day ahead
29.5%, intraday 4.5%). While futures offer the lowest energy costs, day-ahead and intraday
represent higher energy costs. Intraday prices are typically higher than those of day-ahead.
A more accurate weather forecast would help predict the short-term energy supply from vREs.
Better energy supply predictability would benefit energy providers because they would be able to
optimize their selling and buying strategy in the day-ahead and intraday markets.
The total market potential is currently estimated at 300m euro a year, and expected to reach 476M
euro by 2022. We calculated the market potential for a service that aims at improving weather
forecasting for the energy industry by quantifying the absolute difference between day-ahead and
intraday prices multiplied by the volume traded intraday, and by the share of vREs.
We estimate a serviceable obtainable market of 15-22.5M euro, after taking into consideration the
portion of the market potential that is retained as savings at the energy providers’ side, the presence
of competitors, and realistically attainable market share.
The size of the SOM is small relative to the costs related to the development, deployment and
operation of an adequate satellite constellation. One possible way address this mismatch could be
to target adjacent markets. This would also contribute to diversify the customer base and reduce
risk.

41

8. Introduction to space missions
8.1. Review of space systems
An artificial satellite is a space vehicle intentionally placed into orbit to collect information. Once in
orbit, a satellite follows an elliptical path around Earth (or another celestial body). While a satellite
doesn’t need propulsion to remain in orbit, thanks to the limited atmospheric drag, it needs
occasional course correction to maintain its trajectory (Wild, 2017).
Satellites are designed for a broad range of functions. Each satellite, or group of satellites, is part of
a larger space system designed to fulfill a mission. A space system can be divided into three
segments: the space segment, the ground segment, and the user segment (Larson and Wertz, 2005).
The space segment includes the satellite itself, its sensors, and its telecommunications system. The
ground segment includes control and operation centers that upload commands and download data
for processing (Figure 18). The user segment includes all the devices that enable the final user to
access the processed data. The space segment can be further divided into the payload, the set of
instruments necessary to accomplish the mission objectives, and the service module, or bus, which
provides the payload with resources like power, heating, communication with the ground and so on
(Larson and Wertz, 2005).

Figure 18. Space system configuration (Pelton, Madry and Camacho-Lara, 2013).
Some missions require a group of satellites working together in a formation called constellation. The
size of a constellation can range from tens to thousands of satellites (Pelton, Madry and CamachoLara, 2013).
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Continuous advances in microelectronics, software, and material sciences are enabling a
miniaturization of sensors and other components while maintaining, sometimes even improving,
performance. Technological competition driving satellite costs down, led to the rise of increasingly
smaller satellite design: the CubeSat, a standardized subclass of small satellites made up by
combining standard 10x10x10cm cubes (Figure 19; Table 12).
Table 12. Classification of spacecraft by mass.

Class

Mass range (kg)

Conventional large satellites

>1000

Conventional small satellites

500-1000

Minisatellite

100-500

Microsatellite

10-100

Nanosatellite

1-10

Picosatellite

0.1-1

Femtosatellite

<0.1

The CubeSat standard was created by Stanford and California Polytechnic State Universities in 1999.
The standardization of CubeSat form factors promotes a highly modular design approach. Satellite
components are commercial off the shelf (COTS) parts developed by different suppliers that can be
combined according to the needs of the mission. Increasing availability of COTS components is
driving module prices down. This trend enables large constellations of small spacecrafts with a
performance that is comparable or even greater than to that of a larger traditional spacecraft, with
the added advantage of a much shorter development cycle.

Figure 19. Small satellite classification with respect to the CubeSat form factor standard.
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8.2. Remote sensing
Remote sensing is the instrumental measurement of an object’s properties using sensors, without
making physical contact with an object. Remote sensing can be ground, aircraft, or satellite-based.
Satellite-based remote sensing uses sensor technologies to measure properties of an object through
signals like electromagnetic radiation. Satellite remote sensing can measure properties of the
Earth’s atmosphere, oceans, and land (Menzel, 2006). The Earth’s atmosphere alters
electromagnetic radiation of short wavelengths, typically in the infrared, through processes called
absorption and scattering. The concentration of certain chemical elements causes the absorption of
wavelengths in a certain range of the electromagnetic spectrum, called the observing spectral band.
Satellite sensors can measure selected wavelengths to target specific properties relevant to the
mission (Figure 20) with a technique called spectrometry. A multi-spectrometer is a sensor that can
detect several absorbing bands. The ranges that we will use on our proposed satellite solution are
called infrared and radio (L-band, located around 13 to 15 cm). Passive remote sensing techniques,
that measure electromagnetic radiation that is naturally available like the sun, will be used for our
satellite constellation.

Figure 20. Electromagnetic spectrum (IRIS Tech, 2018)

8.2.1. International and national law - launch and liability
Article VIII of the Outer Space Treaty (OST) requires launching states to register their space objects.
The launching state can either be the state that launches the satellite, the one that procures the
launching of the satellite, or the one that owns the launching facility. Because our satellite
constellation will be launched from multiple locations, we must clarify which state will be liable if
the objects are registered in one nation and launched from another. The issue of registration also
raises challenges because a satellite constellation can either be registered as a single space object
or as multiple space objects. Additionally, the need for liability insurance for the large number of
launches is higher because the constellation is made up of a large number of satellites, so it is
important to consider the legal and regulatory requirements on third-party liability insurance.
Registration issues may also arise if third-party liability insurance is required for damage caused by
space objects either on the ground, in the air, or through impact in space. While Austria, France, and
the United States require insurance, not all insurers are willing to underwrite space risks.
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8.2.2. Compliance with the International Telecommunications Union radio regulation, network
filing and coordination requirements
Radio frequency is coordinated and allocated by the International Telecommunications Union (ITU),
which provides general regulation with specific application coordinated through national
administrations. It is important to identify in which nations the filing is submitted because the legal
and regulatory environment, the internal coordination procedure, the future frequency usage
requirements, lead times for approval, and the licensing regime vary largely by country. Moreover,
the launching state as defined by OST may be different from the country that registers the satellite
constellation with the ITU for this satellite system, so there is some ambiguity to whether the
launching or registering state will be liable in cases like radio frequency interferences or spectrum
allocation.
8.2.3. Soft law and the world meteorological organization
Resolution 40 from the World Meteorological Organization (WMO) requires worldwide cooperation and exchange of meteorological data to benefit all nations, providing guidelines for
commercial weather-related activities through free and unrestricted data and weather forecasting
products. This regulates governments through soft law, which do not have legally binding force,
even though private companies are instead urged to comply. More recently, private companies have
been acting as intermediaries between data and a larger number of customers. The National
Oceanic and Atmospheric Administration (NOAA) have suggested changing policy so that all data,
including data from private parties, is freely available to the scientific community. While most
private entities are willing to provide data to the scientific community, the consequences of privately
sold licensed data are still uncertain because no policy is currently in place.

8.3. Space mission engineering
Space mission engineering, an umbrella term that includes systems engineering, is a design process
conducted (Microcosm Inc., 2018) to define a space system that meets customer requirements.
We investigated payload technologies and space systems suitable for weather forecasting to identify
the most appropriate instruments for our mission. To design a small satellite constellation, we need
to apply several iterations of a design process to refine the constraints from business, downstream,
and weather research. An iterative process is necessary also to evaluate scenarios for risk mitigation.
8.3.1. Project life cycle
To manage time constrains for this project we adopted a project life cycle to ensure that all the
design aspects we wanted to cover were within allocated deadlines, using a mission timeline similar
to NASA’s and ESA’s project life cycles (Larson and Wertz, 2005; Figure 21).
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Figure 21: A typical system engineering procedure timeline. (Larson and Wertz, 2005).

8.3.2. Systems engineering
To ensure that the solution is unique and technological viable we performed a technological review
on existing weather and Earth observation satellites, and specifically on satellite instruments that
measure parameters relevant to our solution, namely solar irradiation, cloud coverage, wave
amplitude, sea roughness, and wind speed and direction.
Designing a complex system requires understanding the interaction between sub-components.
Systems engineering uses scientific and engineering tools to manage a design process. In a typical
engineering project, the whole system should balance the schedule, requirements, and cost.
System engineering tools include market analysis, requirement management, functional and
operational analysis, functional and operational allocation, technical risk assessment, and system
architecture. These tools are applied in sequence throughout the designing phase of the project.
The resulting system translates the operational needs into a solution-based product that meets
customer specifications. The system is then tested rigorously to ensure design quality (Figure 22).

Figure 22: Mission purpose breakdown
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8.3.3. Satellite Design
A satellite is a system of systems, designed and built following mission requirements. A satellite
design is unique to a specific mission. Several factors, including mass, cost and the availability of
technological solutions constrain the final design. The most important subsystem, which drives the
requirements of the other subsystems on a satellite, is the payload.
A payload is the reason why the satellite exists because is the part that pursue the mission objectives.
All other subsystems, like power, communications, data handling, structures, attitude control,
thermal, and propulsion are defined by the requirements of the payload. A satellite’s bus is the
platform that includes all these subsystems that support the payload. A payload usually consists of
one or more scientific instruments that carry out the mission tasks. Each instrument is made up of
sensors and components that measure the necessary parameters in orbit.
The primary subsystems on any satellite are power, communications, data handling, and structures.
Every satellite needs to power the instruments, transmit data collected to and from Earth, and
manage data. Additionally, a satellite requires a structure to hold all the components. Other key
subsystems that are only required for certain missions are attitude control, propulsion, and thermal
control. Attitude control and propulsion are necessary only if the mission requires a precise
positioning of the satellite, or changes in trajectory. Thermal control is usually required for satellites
that have sensitive instruments or are in orbits with large temperature variations.
8.3.4. Physical breakdown
The arrangement of physical elements defines the breakdown of the system into progressively lower
levels from subsystems to components. Low level functions help defining how each component
must perform (Larson and Wertz, 2005). The physical interfaces between the system components
are defined in this process, ensuring that the subsystems remains clearly connected to the overall
system concept and that there is a proper allocation of requirements for systems and subsystems.
Having a clear understanding of all the components to the lowest level ensures that all requirements
are addressed, reviewed, and traceable. These steps, which are essential to the success of a project,
were followed throughout this project.
We assumed that there were no system launch segment constraints in the design. Most importantly,
the client did not constrain the design of the satellite system.
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9. Space mission definition
The purpose of our mission is to reduce the effects of inaccurate weather forecasting on the energy
market and adjacent markets. After performing a market research, we stated mission objectives
and requirements.

9.1. Mission objectives
Mission objectives are the goals that the satellite system must achieve to be successful (Table 13).
Taking an interdisciplinary approach, we shuffled the sub-groups to encourage people to
understand other team’s objectives.
Table 13 Mission objectives

Primary objective (PO)
PO1 Design a small satellite constellation to provide satellite weather data
PO2 Design a small satellite constellation to measure weather parameters
PO3 Design a small satellite constellation to handle and provide more effective use of weather
data

Secondary objective (SO)
SO1

To demonstrate a unique satellite constellation

SO2

Provide data for NowCasting and NowWarning for maritime and wind power industries

SO3

To create a database of weather data for potential clients

9.2. Current and future technology trends
New constellations of satellites like CYGNSS have integrated promising sensor technology and
techniques that provide data of interest for the market/customer. A table compiling the current
constellations containing these new types of sensors is in Appendix 2. A recent technique uses GNSS
signals and their reflections from the Earth’s surface. GNSS radio occultation (GNSS-RO) provides
three-dimensional data of temperature, water vapor, and cloud properties that can be used to
create 3D wind models (Aumann et al., 1995). GNSS reflectometry (GNSS-R) is a refinement of this
technique that provides data about the state and roughness of sea (Jin et al., 2010). These threedimensional data sets provide more information than current weather data sets.
Considering the conclusions of the market analysis and the fact that existing satellites (GNSS
constellations, etc) and models (forecasting models) already provide parameters of value to those
markets, we considered a combination of payloads that could provide useful data to as many
markets as possible, like wind speed and direction, sea roughness and wave amplitude (Table 14). A
more comprehensive table detailing the main constellation studies is detailed in the Appendix 2.
Recent publications (Ruf et al., 2016; Shuanggen and Komjathy, 2010; Smith and Frey, 1990) suggest
that GNSS instruments provide important Earth/weather observational data. According to the
literature, there is no global coverage of both GNSS-R and GNSS-RO as of 2018, despite the
significant benefits of these techniques.
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Table 14 Parameters (or measurable factors) of interest for different business markets and
respective space instruments.

Serving market

Renewable
Energy Industry

Other Markets
(Maritime,
Aviation, Disaster
Monitoring,
Insurances)

Parameter

Space payload instrument type

Solar Irradiance

Radiometers

Cloud coverage and cloud
properties

Visible and infrared instruments
(imagers and sounders)
Active sensors (radar, LIDAR)

Lower tropospheric
temperature
Lower tropospheric humidity
(Wind Direction and Speed)

Synthetic aperture radar
Special sensor microwave/imager
GNSS-RO
Atmospheric sounder

Sea roughness
Waves amplitude

GNSS-R

9.2.1. What is GNSS?
Global Navigation Satellite Systems (GNSS) describes the collection of satellite positioning systems
that are currently operational or planned (Figure 23). GNSS is based on satellite ranging, which is
the calculation of distances between the receiver and the position of orbiting satellites (Charles,
2010). The main application of satellite positioning systems is to pinpoint the geographic location of
a user’s receiver anywhere in the world. GNSS includes systems like United States’ GPS (Global
Positioning System), Russia’s GLONASS, EU’s Galileo and China’s Beidou (Yu et al., 2014).
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Figure 23: GNSS satellite orbits (NovAtel Inc., 2010)

GNSS satellite systems have three major components: the space segment, the control segment, and
the user segment (Figure 24). The space segment embodies the GNSS satellites that orbit about
20,000km above the Earth (Charles, 2010). The control segment is a ground-based network of
control and monitor stations. A master control station adjusts the satellites' orbital parameters and
onboard high precision clocks to maintain the accuracy of navigation data at all times. The user
segment equipment that processes signals received from the GNSS satellites to calculate the
location.

Figure 24: GNSS systems showing the three main components.

50

9.2.2. GNSS reflectometry technique (GNSS-R)
The GNSS signals entering the Earth are reflected from the surface (Figure 25). The reflected signals
are modified by a change in signal noise ratio (SNR), phase delay polarization, and sea level. These
distinct parameters are measured using mathematical models that analyze the reflected signal in
comparison to the original signal (Yang, Zhou and Wang, 2009). The parameters are sea winds, sea
roughness, mean surface height, ice layer density. Phase delay and SNR analysis are two analytic
methods used for this measurement (Johan S L., et al., 2014).

Figure 25: GNSS-R schematic.

The GNSS-R is very useful in measuring the sea levels using phase delay analysis in calm sea and SNR
analysis in rough seas. This method is also used to measure tropospheric water vapor temperature
and pressure (Jin et al., 2010). The parameters measured are sea winds, sea roughness, and ice layer
density (Yang, Zhou and Wang, 2009).
9.2.3. GNSS radio occultation technique (GNSS-RO)
The GNSS infrastructure has been on the rise since the late ‘70s. It is possible to use existing GNSS
space segments to improve Earth observation at a relatively low cost (José et al., 2016; Yu et al.,
2014). The radio occultation (RO) method uses two antennas and one receiver system. While a
reference antenna collects signals from GNSS satellites, the other one gathers the part of the GNSS
signals that reach the ground, pass through the Earth’s atmosphere and get refracted. This refracted
wave is compared to the original to calculate the refracted angle and drive the temperature and
humidity profiles. A further study on RO analytic methods is available at (Schreiner et al., 2011).
GNSS-RO observations have been proven to be essential in operational observation system (Kegen
et al., 2014). In Cardinali et al. (2014), an assessment of the impact of GNSS-RO data on ECMWF 24h
forecast accuracy shows that GNSS-RO ranks among the 4th most influential parameter (Figure 26).
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Figure 26: An assessment of the impact of the data from various measurement methods on
ECMWF 24h forecast accuracy. GPS RO is an alternative name for GNSS-RO (Cardinali et al., 2014).

9.2.4. Light detection and ranging (LIDAR)
Ultraviolet, visible or near infrared light interact with atmosphere. Light detection and ranging
(LIDAR) sends a light pulse through the atmosphere and detects the reflections of that pulse. By
measuring the signal characteristics of the received pulse, this technology is able to understand the
composition of the atmosphere.
9.2.5. Atmospheric sounder
Atmospheric sounders use a mid-wavelength infrared spectrometer that measures the intensity of
infrared radiation coming from the Earth and its atmosphere. This radiation is then split into multiple
wavelengths by the spectrometer. The distinct wavelengths are sensitive to water vapor and
temperature profiles over the span of different layers of the atmosphere, from the troposphere to
the stratosphere. Having multiple infrared sensors measuring different wavelengths in the infrared
band allows the measurement of different ranges of heights. These aspects are investigated also by
NOAA, which is also interested in smaller satellites that are cheaper to build and launch (JPL, 2008).
We chose this instrument because the capabilities are ideal for precise data collection of the
troposphere.
Atmospheric sounders have a wide field of view, enabling coverage of Earth with a revisit time of 15
minutes. As the resolution of the potential instrument is comparable to sounders on large weather
satellites like atmospheric infrared sounder (AIRS), this will reduce the cost while maintaining quality
of data. Future missions could include long wave infrared (LWIR) measurements expanding the
capabilities of the constellation for measuring carbon monoxide levels in upper atmosphere (Pagano
et al., 2016).
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9.3. Requirement analysis
We performed SWARMing to break down customer requirements, finding potential for payloads
that could be integrated into one satellite to address our needs.
The qualitative detail related to outcomes of the research is explained in section 9.2. This process
enabled translating the customer specification into a quality function deployment (QFD) analysis
that we did using the house of quality (HOQ) matrix which drove the requirements for design to be
specified. We also used a QFD analysis to prioritize requirements that we linked back to problem,
markets, and technical requirements defined by the upstream, weather and downstream subgroups. This process ensured that we were taking into consideration customer’s priorities. Each
individual phase progression of the HOQs can be found in Appendix 3.
The final iteration of the HOQ allowed us to rank the derived requirements. This information
highlighted which requirements were most important in the design process. The top three
requirement considerations are the command and data handling system, global coverage, and orbit.
We then spilt the requirements into functional and physical architecture, allowing for visualizing and
organizing the functional, physical and system breakdowns.
9.3.1. Functional architecture
The functional architecture defines the functions that the system has to perform. It is a logical
method of allocating requirements. The purpose of this method is to define the functions that the
system must perform to produce the desired outputs. Once the functional flow (Figure 27) is
established, the top-level functions and sequences enables the decomposition and analysis of each
function throughout.
Forecasting
Weather

Launch into Orbit

Launch System
Deployed

Conduct Mission
Operations

Mission Control

Provide Data
Infrastructure

Communicate with
Ground

Deployment Of Solar
Power System At
Designated Time

Measure
Temperature Profiles

Deploy Radio
Occultation Antenna

Stay In Designated
Orbit

Measure Wind
Profiles

Stabilize In Space

Measure Humidity

Satellite
Decommision

Obtain Global
Coverage

Figure 27: The functional architecture of the system

9.4. Mission requirements
Using systems engineering techniques, we formulated the mission requirements. The design was
driven by high level functional and operational requirements (Table 15 and Table 16). The
requirements are divided into two types: functional and operational. These requirements are
paramount and drive the next section of the report.
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Table 15 Functional requirements.

Functional requirements (FR)
FR.1
FR.2
FR.3
FR.4
FR.5
FR.6
FR.7
FR.8
FR.9.
FR.10.
FR.11

The constellation shall provide temporal resolution of 15 minutes for >85% global
coverage
Each satellite shall provide wind measurement over a wide range of values (0-90 m/s) with
precision of plus minus 2 m/s
Each satellite shall provide sea state/roughness according to the Beaufort and Douglas
scales
Each satellite shall provide field of view of not less than 100 km in either length or
diameter with minimal and known distortions over the entire area
Each satellite shall stream all the data to the ground at 95% of orbiting time, day and night
Each satellite shall provide spatial resolution of no less than 20 km, and preferably should
provide spatial resolution of less than 5 km
Each satellite shall provide temperature measurements over a wide range of
temperatures (from -60 to +100 C) with a resolution presented in FR.6
Each satellite shall provide pressure measurements over a wide range of pressures (800 1100 hPa at sea level) with a spatial resolution presented in FR.6
Each satellite shall measure the amplitude of waves over a wide range of wave (0-40 m)
with a spatial resolution presented in FR.6
Each satellite shall measure the content of water vapor and atmospheric dust/aerosols
with a spatial resolution presented in FR.6
The satellite system shall provide minimum forecast horizon of 1 hour and a maximum of
24 hours

FR. 12 The satellite system shall provide a maximum revisit time of 15 minutes
FR. 13 The satellite system shall have less than 100 satellites
FR.14

The satellite system shall survive and operate within the designated orbit and time

FR.15

The space system shall deorbit in less than 25 years after its end of mission

FR.16

The satellite system shall survive and operate in a thermal environment at LEO

FR.17

The satellite system shall survive and operate in a radiation environment at LEO

FR.18

The system shall have a command and data handling system

FR.19

The system shall have an electrical power system

FR.20

The system shall have an active communication system

FR.21

The satellite system shall orbit from an altitude of 700km
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Table 16 Operational requirements.

Operational requirements (OR)
OR.1

The system shall be able to provide measurement data for the maritime industry

OR.2

The system shall be able to provide measurement data for the aviation industry

OR.3

The system shall be able to provide measurement data for the insurance industry

OR.4

The system shall be able to provide measurement data for the disaster monitor industry

OR.5

The satellite system shall incorporate state-of-the-art technologies for weather
forecasting

OR.6

A small satellite solution shall be implemented so that forecasting data will be available at
an improved time frequency

OR.7

The system shall process and provide the requested relevant data required to the
customer

OR.8

The data shall be provided within the customer's required frequency and time frame.

OR.9

The satellite constellation shall provide global coverage

OR.10 The satellite system shall comply with International Space Treaties and Regulations
OR.11 All satellite components shall remain attached to the satellite from launch to operation
Deployment mechanisms like solar panels shall only deploy after the minimum set time of

OR.12 satellite release

OR.13 The spacecraft shall undergo testing specifications as provided by the launch provider
OR.14 The system shall be operational for at least five years

9.5. Space mission drivers
All systems are driven by inputs that have variable influence over the final design. Major drivers
have the biggest influence of a system, so it is critical to optimize them (Table 17).
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Table 17 Table of System Drivers

System Driver
Payload

Detail
Requirements
TRL
Interferences

Rationale
The payload influences the system overall design. All the
other subsystems are designed to support it and shall
comply with the payload requirements.
The atmospheric sounder for a Small Satellite has a low
Technology Readiness Level (TRL), therefore the payload
development time, cost and risk shall be taken into
consideration for the mission.
The payloads used for our proposed mission have not been
combined before. Therefore, there is the need to assess
possible interferences. This is especially important for GNSSRO and GNSS-R, since they use the same frequency bands
(L-bands).

Payload Data

Temporal
resolution
Big data analysis

Attitude and
Orbit Control

Orbital elements

The effect of deviations of the orbital elements on the
quality of the data collected by the sensors shall be
analyzed.

Pointing
accuracy

The payloads require specific configuration and pointing
requirements. The atmospheric sounder shall point nadir all
the time and GNSS-RO antennas shall point to the Earth limb
to receive GNSS signals that are refracted in the
atmosphere. The pointing accuracy will be driven specially
by the atmospheric sounder.

3-axis
stabilization
Orbit
maintenance

Power

Acquiring higher temporal resolution of temperature
profiles also means larger datasets being gathered.
Consequently this proposes challenges for big data analysis
and communication to the end user.

Payloads

If the orbital elements need to be maintained with a certain
precision, the use of propulsion on board must be
considered.
The payloads require large power input which causes
difficulty when integrating them into a small satellite.

Communication
Attitude

The communication and attitude systems will drive the
power budget.
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Thermal

Atmospheric
sounder

The atmospheric sounder needs active cooling to operate.
The integration of an active cooler in a small satellite can be
a challenge.

Constellation

Coverage

Design

Revisit time

Given the requirements (FR.1), global coverage and revisit
time of 15 min will be provided. Different constellation
designs will be studied to optimize the number of satellites
needed and orbital planes, while meeting the requirements.

Number of
satellites

The altitude of the orbit is also constrained by the payloads.
GNSS-R and GNSS-RO shall be in LEO.

Number of
orbital planes
Payload
requirements
Cost

Financial Budget

The project has limited funding; therefore the project will
consider finding partners and investors.

Manufacturing
Number of
Launches

Manufacturing processes will be standardized and
Commercial off-the-shelf (COTS) components will be used to
reduce the costs of the satellite where possible.
The number of launches will be minimized.

Risk

Flight heritage
TRL

The project will be mindful of technologies used on the
system to ensure that TRL is as close to 9 as possible, where
9 is the highest TRL.
Use COTS components where possible to reduce risks.
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10. Space mission design
10.1. Orbital analysis
Orbital analysis plays a crucial part in designing a mission design because it affects mission
performance and influences the design of the satellite constellation.
Weather satellites are typically in polar or geostationary orbits. Geostationary orbits (GEO) are ideal
for monitoring Earth because they sense the globe continuously providing high refresh rates and
site-specific data. Polar orbits, which are closer to Earth’s surface, can achieve a high spatial
resolution.
The trend towards replacing traditionally larger satellites with constellations of smaller satellites is
justified by lower launch and replacement costs, higher revisit times, and better resolutions. To
design a constellation, the satellites are strategically positioned into different orbital planes and
inclinations based on its application for optimal coverage. While many constellations have the ability
to provide global coverage, there is a trade-off between coverage and cost because coverage is
directly related to two major cost drivers: the number of satellites and launches.
The coverage of Earth increases with the number of satellites and planes (Figure 28). To guarantee
global coverage, we need satellites in both high inclination orbits, like the Sun synchronous orbit
(SSO), that provide coverage over the Earth’s poles, and low inclination orbits that maximize the
coverage of the regions closer to the equator.

Figure 28 The satellites will be located in two different inclination angles (Noun project and
Mungang, 2018).

Our analysis in Appendix 4 shows that we can provide an adequate global coverage with 64 satellites
divided in eight planes. The satellites in the proposed constellation are placed in two different
inclinations, providing coverage of 87% of the Earth’s surface every fifteen minutes. The propsed
constellation is called UDOR. Four planes in SSO provide coverage over the Earth’s poles, and four
planes in the low inclination orbit maximize the coverage of low latitudes. By placing satellites in
low inclination orbits, we can cover low latitude regions faster, covering the major gaps left by SSO.
The study completed was preliminary and any future work would iterate towards the minimization
of the number of satellites and planes (Figure 29).
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Figure 29 The satellites are located in different orbits and planes to provide global coverage
(Created with STK software)

10.2. Space debris mitigation
As of 2018, there are approximately 1200 satellites in LEO (Union of Concerned Scientists, 2018).
Several constellations, like the 882 satellites of OneWeb, are scheduled for launch over the next
years, increasing the risks of accidental break-up and collision of satellites. It is essential to adopt
end-of-mission disposal strategies to keep space operations safe. UDOR is designed to comply with
all United Nations Space Debris Mitigation Guidelines.
Our satellites are unable to perform station-keeping because they don’t include a propulsion system.
By tracking our satellites using GNSS signals we can coordinate activities with other operators
located in similar orbits.
Each satellite in UDOR will remain operational for at least five years. According to international
space debris regulations, every satellite should re-enter the atmosphere within 25 years from the
end of its operational life. By simulating the orbital lifetime with STK for the different inclinations,
we concluded that the satellites will decay in less than 15 years, in accordance with orbital debris
guidelines.

10.3. Launch segment
A large number of rockets are required to send the constellation into orbit. The number of launches
will drive the cost of the project. The most important parameters that have to be considered are the
satellite mass, the satellite size and the orbit. A rocket can launch one or more satellites, depending
on its capacity. In our case we need at least eight launches to insert the satellites into the eight
orbital planes. To reduce the launch costs, we are considering low-cost small launchers.
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10.4. Space system design
10.4.1. System breakdown structure
This is a breakdown of the mission into three primary segments; launch, ground segment and space
segment. The ground segment covers ground operations, whereas the space segment shows the
subsystems of the spacecraft (Figure 30). A more detailed breakdown can be found in Appendix 5.

Perform
Mission
Ground Segment

Space Segment

Launch Vehicle

Ground Streaming

Payload Module

Service Module

Operation Centre

GNSS-R

Power

GNSS-RO

Attitude Control

Atmospheric
Sounder

Communications

Launch Vehicle

Launch Container

Command and
Data Handling

Structures

Thermal

Figure 30 Breakdown of mission into three main segments.
10.4.2. Preliminary design
The preliminary design of the 21 unit CubeSat satellite we propose, in its closed configuation, is
shown in (Figure 31). After the satellite is in orbit, the solar panels will be deployed as demonstrated
in (Figure 32). The engineering drawings for the open configuration can be found in Appendix 6.
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Figure 31 Stowed configuration

Figure 32 Deployed solar panel configuration
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10.4.3. Payload module
The payload module consists of all the components that are required to fulfil the mission objectives
which make the system successful. The instruments to be used as payloads in our mission are
specified in (Figure 33).
Each UDOR satellite payload holds three instruments; a GNSS-R instrument, a GNSS-RO instrument
and an Atmospheric Sounder.

Figure 33 Payload Specifications

10.4.4. Bus module
The bus module comprises of all subsystems necessary to allow the payload to operate correctly
(Figure 34).

Figure 34 Primary subsystems of a satellite bus.

10.5. Structures and mechanisms
The satellite uses a deployable mechanism for the solar panels. The exterior structure of the
spacecraft is designed to support the antennas for GNSS-R and GNSS-RO. The GNSS-R antennas are
located on either side of the spacecraft at an angle of 28° and the GNSS-RO antennas are at an angle
of 45°. The two zenith-facing antennas on the top surface are S-band antennas that will be used for
communications with the relay satellite in MEO. The solar panel array on the top surface is
deployable. The antenna on the atmospheric sounder instrument is nadir-facing, and is therefore
located at the bottom of the spacecraft. A safety factor of 1.5 (NASA, 2014) was noted for
consideration when designing the structures of the satellite.
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10.6. Thermal control system
The Thermal Control System ensures that all the subsystems remain within their operating
temperature limits (Larson and Wertz, 2005). The atmospheric sounder has its own active cooling
system to prevent overheating.

10.7. Attitude and orbit control system
The attitude and orbit control system (AOCS) identifies and corrects the alignment of the spacecraft
payload as required. Several AOCS sensors and actuators were selected to ensure accurate attitude
control. Star Trackers use the position of a star to enable a very precise full attitude determination
during both day and eclipse. The use of two star trackers as a redundancy guarantees availability of
attitude information in case of failure or incorrect alignment. The sun sensors are used as coarse
attitude sensors for safe mode and in early orbit operations. Reaction wheels are also used in
attitude control. Four reaction wheels assembled in a pyramid, allow precise three axis stabilization.
In this configuration, the redundant fourth wheel can replace any of the other three wheels in case
of fault. A Magnetorquer is a coil of cooper thread that is used to create a magnetic torque to
counteract the effects of the presence of another magnetic field like the Earth’s magnetic field. A
three axis stabilized configuration combined with magnetorquers was chosen because it is able to
orient the spacecraft towards the target area with high precision.
We selected GNSS for orbit determination so the satellite can retrieve its position independently.
This method avoids Doppler tracking of a big constellation that would involve an intense ground
activity for the tracker with increased operational costs. Orbit maintenance was not considered at
this stage of the mission as the expected lifetime is only five years.

10.8. Telemetry, tracking and control system
The satellite communications design shall enable near real-time communications between the
satellite system and the ground station. We plan to use relay satellites as intermediate platforms to
avoid extensive use of ground stations with individual satellites in the constellation. Every satellite
is constantly linked to a relay satellite system that relays data to the ground for processing. This
decision will significantly reduce satellite and ground-based control costs.
There will be a single communication channel where the two systems can transmit data
simultaneously over the same frequency band. The channel can uplink and downlink vital
parameters and commands like switching operational modes and updating on board software, and
downlink payload data.
Two different radio frequencies were evaluated: S-band and K-band, taking into account the major
relay satellites systems in Appendix 7. The possibility of satellite to satellite link would considerably
increase the complexity to the satellite system and will not be incorporated.
K-band was considered due to the high potential data-rate, on the order of 1Mbps. The Ka-band
LEO-GEO inter-satellite link has been demonstrated by companies like Harris (Downey, J. and
Kacpura, T., 2012) and Ka-band communication is also being developed for small satellites (Kegege,
O., Wong, Y.F. and Altunc, S., 2016). However, the use of Ka-band exceeded the satellite’s power
and mass limitations in this mission concept.
The state-of-the-art for S-band link (Shimmin, R., 2015) shows that transceivers can work up to
1Mbps and S-band antennas are being miniaturized (CubeSatShop.com, 2018). While these
antennas may require a solid state-power-amplifier (SSPA), the S-band link is feasible. A preliminary
link budget showed that a data-rate of 0.55Mbps is achievable between the upper LEO orbits and
the Audacy Constellation in Appendix 7. The team has concluded that using S-band in relay is the
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most viable option for a near real time application given the data volume. A breakdown of the
communications system calculated from the link budget can be found in Appendix 7.

10.9. Electrical power system
The electrical power system (EPS) provides, stores, regulates and distributes power to the payload
and to the bus (Wertz, Everett, Puschell, 2011). To estimate the power consumed, the loads that
operate during the mission are established as shown in Appendix 8. The subsystem with maximum
power consumption is the communications system due to the large amount of data constantly being
relayed.
From the power requirements, we calculated in Appendix 8, the required mass and area of the solar
array to charge the batteries. The calculated surface area is 0.96m2 and the mass is 10 kg.

10.10. Satellite mass
Mass is a critical factor for a space mission to be feasible. A mass budget is calculated in Appendix 9
using a bottom-up procedure, taking into account the mass of each subsystem.
To accommodate all the three instruments along with the other subsystems a 21-Unit CubeSat was
chosen which led to a total mass of about 45 kg (Figure 35).

15%

16%

69%
Structures

Bus

Payload

Figure 35 mass distribution of the payload, bus and structure for each satellite.

10.11. Space mission timeline
This project is in the first phase of the design process, which is the preliminary definition. This
preliminary timeline outlines the duration of the design, build, launch and operations phase of the
entire mission (Figure 36).
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Figure 36 Preliminary timeline

10.12. Cost analysis
Cost analysis was performed to estimate the cost of designing the constellation preliminarily based
on research. The cost of the launch system was 1522 euro per satellite (Spaceflight Industries, 2018).
The cost of the constellation was considered to determine if this project is feasible compared with
market calculations. Cost analysis was performed to estimate the cost of designing the constellation
preliminarily based on research. Cost drives quality of the design as it directly affects system
architecture like materials and software costs. For the scope of this project, an analogy based
estimating method for the estimation of cost was sufficient as it is difficult to estimate costs for the
preliminary phase we are in. Analogy based estimating method uses the cost of a similar item and
adjusts this cost by sizing it to our system (Larson and Wertz, 2005).
It was decided that it was easier to compare costs with a company that is a start up with some initial
funding rather than a large established space agency like ESA and NASA with a lot of infrastructure
already present. Table 18, shows the cost of a Finnish startup company ICEYE which aim to launch
18 satellites (Werner, 2018). It is assumed that the figure obtained from research includes
operational and launch cost for the satellite constellation.
Table 18: Analogy based estimating method (Werner, 2018)

Price
Company No of Satellite (euro M) Launch System Price Scaled to our System (euro M)
ICEYE

18

46

Rocket Lab
Space X

164

The total cost of the small satellite constelation is approximatley 164M euro. It is understood that
to allow for better estimation of the cost attached to the constellation several more factors needed
to be considered like technology readiness levels, inflation, launch costs.
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11. Benefits of a new constellation
Downstream includes all processes related to ground segment, data handling and integration with
the data from the proposed satellite constellation. Satellites have a limited computational capability
and most, if not all, calculations are done on the ground by a dedicated IT infrastructure. In addition,
the data from the satellite constellation would be integrated with other data sources, like NWM,
data from other satellites, and data from ground weather stations to increase the value of the
proposed system. To reach this goal we propose using modern IT resources, like cloud computing,
artificial intelligence (AI), machine learning (ML), big data, and other forms of data fusion and
manipulation. At the end of the processing, the end user receives advanced weather “now-warning”,
nowcasting and forecasting.

11.1. Data from satellite constellations
We recommended the use of three Earth observation techniques: GNSS-RO, GNSS-R and
atmospheric infrared sounder. All satellites continuously acquire and deliver the data (called “data
streaming”), both on day and night sides of the Earth. The main downstream advantages of the
proposed satellite constellation are:
•

As of 2018, there are just few examples of data streaming on a global scale, especially from
LEO. This data is of highly important for the identification of anomalously dangerous
weather events, like very rough seas.

•

The selected set of satellite sensors enable the creation of several data products, in both
the commercial and scientific sector.

•

Most data products are related to observations of sea state, wind and ionosphere. These
factors are not sufficiently monitored by either in-situ or ground-based stations, especially
in regions like open oceans, tropical areas or zones outside SBAS/GBAS.

The measurement techniques is different for each instrument within the satellite, sampling different
wavelengths of electromagnetic spectrum for atmospheric sounders and GNSS-RO, so it requires
downstream cross-calibration of data. It is important to note that the satellite data can be combined
with external data sources and models, thus providing added value to the satellite data.
In total, a value of 0.55 Mbps of continuous data streaming from each satellite was obtained. The
constellation consists of 64 satellites.
therefore presents the amount of expected data to be delivered from each satellite and from the
constellation in total.
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Table 19: Expected amount of data delivered from each satellite and constellation. TR is the
Transmission Rate from satellites and constellation. Values per satellite are given in Gigabytes (GB)
and for the whole constellation are given in Terabytes (TB).

Per SAT (GB)

Per Constellation (TB)

Daily TR

Monthly TR

Yearly TR

Daily TR

Monthly TR

Yearly TR

Sounder

3.2

97.2

1166.4

0.2

6.2

74.6

GNSS-R

2.2

64.8

777.6

0.1

4.1

49.8

GNSS-RO

0.5

16.2

194.4

0.03

1.0

12.4

Total

5.9

178.2

2138.4

0.4

11.4

136.9

11.2. Complete IT infrastructure
An IT infrastructure is required to handle the received data from the constellation and provide the
service to the customers. Typical components of the IT infrastructure are storage, computing
resources and interfaces. The diagram in the (Figure 37) represents a schematic of the IT
infrastructure needed for data handling.

Figure 37 Schematics of operations of the IT infrastructure
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The storage of data consists of the following parts:
•

Storage of data from satellites

•

Storage of imported data from weather models, other satellites and from ground stations

•

Storage of data created or uploaded by users

•

Storage of all other relevant data, like available statistics and experimental data

•

External archives (backups), which allow for service provision continuity

Table 20 below presents expected required storage space per year. The satellite constellation data
requirement is derived from the 0.55 Mbps. It is predicted that the required storage space will
increase by approximately 610 TB per year (Table 20). This is a relatively low value for modern server
infrastructure. The backup of data may be stored in physically different places, which also reduces
the risk of accidental breakdown.
Table 20: Expected volume of required storage space

Data source

Storage per year (TB)

Satellite constellation

136.9

A weather forecast model produced by the
National Centers for Environmental Prediction
(NOAA, 2018)

6.8

Other (e.g. historical) data sets (NOAA, 2018)

60.0

TOTAL

203.7

TOTAL incl. two backups (three copies in total)

611.1

The computing resources would be used for the following activities:
•

Manipulation of data from satellite constellation into different levels of processed solutions

•

Internal computation of prediction algorithms for data interpretations, application models,
visual representations and external products/services

•

Other activities, like computation for internal needs (e.g. data safety, data analytics,
infrastructure monitoring)

The infrastructure comprises the following interfaces to provide a stable data handling service:
•

Incoming interface from satellite constellation (to ground stations): As shown in expected
amount of delivered data, the estimated amount of data downloaded from the constellation
will not exceed 0.4 TB per day. Considering different possible Data Centers, the amount of
data received can be covered by a range of commercially available solution today.

•

Incoming data interfaces from external data providers (e.g. data from ground weather
stations)
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•

Outgoing interfaces for data handling: Depending on the requirements of the weather
forecasting application this can vary significantly. Nevertheless, data centers nowadays
already offer very performant and reliable internet network solutions. Therefore,
commercially available solutions can be used to provide a stable handling service.

This data needs to be integrated to provide relevant data solutions to the customers. This process
is explored in the next section.

11.3. Data integration
To provide customers with weather predictions, the different data sources must be organized so
that they can be used as input for the selected weather models. The following estimation of data
integration is preliminary. The relevant atmospheric parameters that are useful for our applications
are solar irradiance, wind velocity, and wave amplitudes. It is therefore not necessary to run a full
global weather prediction model that is extremely computationally expensive i.e. it is enough to run
models that compute only the necessary parameters. Specifically, there are MOS models, described
in the Weather Prediction Model section, which input of local observations and the results of larger
scale models. The models typically require importing the observational data from ground sources
with the output of GFS and ECMWF (discussed in section 2.5).
The proposed satellite constellation does not, by design, provide data on two important parameters:
irradiance and cloud cover. These parameters are important to the solar energy industry, however
during literature study it was found that typically solar power farms are equipped with a suite of
sensors, which measure these parameters in situ (Safie, 1989; Lopes et al., 2018). It was also stated
that the satellite data providing irradiance and cloud cover is freely available (e.g. GOES, Terra and
Aqua). This is an example of data that will be integrated at downstream level.
The combined expected input data from the models and the observations is around 18.5 GB/day
(NOAA, 2018). Additional (e.g. historical) weather measurements are predicted to have a volume of
about 60 TB/year (NOAA, 2018). An example of historical data is a list of severe weather products
from years 2001 – 2011. This set of historical data may be very useful for products related to rough
sea weather prediction.
It is important to note here that some external data sets are very large (values of 75 GB per day are
common), but not always are available for automatic download. In addition, some data sources may
become inactive, e.g. due to a satellite being decommissioned. Thus, the list of sources from which
the external data would be acquired, shall be updated regularly, to provide data valuable to a wide
range of users.
To provide better data products, Big Data technology can be used to manage, process, analyze and
optimize data from different sources; Machine Learning, Artificial Intelligence and other
technologies are adopted to find the correlation between different data sources and carry out
distributed data mining (Mori and Takahashi, 2012; Sachindra et al., 2018; Khosravi et al., 2018).
Some methods are proposed to be used for indexing and handling Earth Observation data (Xia, Yang
and Li, 2018). Use of these advanced technologies is a current trend for computing, especially when
large amount of data is generated and stored. At the same time, these technologies have the
potential to help in understanding users’ requirements, closely relate requirements to data
resources, and provide users with more accurate data products.
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11.4. Data product
11.4.1. NowCasting
Potential data products include “NowCasting” can be broadly defined as the description of current
weather and forecasts ranging from the present to six hour ahead (World Meteorological
Organization, 2017). NowCasting is characterized by providing weather status with high refresh rate
(high temporal resolution) and is location specific (high spatial resolution). Therefore, NowCasting
requires high resolution and high frequency input observations to output improved forecasts at
micro and mesoscale level within a short time ahead (typically hourly; World Meteorological
Organization, 2017). These characteristics are of interest for immediate and early warning
applications.
The final stage of ground data handling is creation of data products and their delivery to the end
customers. To this end, the data products can be input into a Geographic Information System (GIS).
GIS are systems which store spatial data in a way which allows making analyses of different
parameters based on their location. Coupled with a map, the data can be displayed graphically so
as to clarify its relationship with the geographical environment. GIS is already used with weather
data for tracking disaster stricken areas (Lagmay et al., 2017), assessing solar energy production
potential (Gherboudj and Ghedira, 2016), and many other purposes. Using our data with
conjunction of GIS opens up a plethora of new data products that can be presented to customers.
The primary market for our data product is the renewable energy market, namely the wind and solar
industries. In addition, secondary markets were identified where data from the satellite
constellation could provide an added value to users.Examples of use of processed data in data
products:
1. Maintenance on wind farms: maintenance cannot be done in rainy or stormy weather and
therefore an accurate weather prediction is essential. If it is possible to make sure that there
is no sudden storm arriving, the daily operation can be planned in a more accurate and less
variable way. The short-term forecast, or NowCasting, is a reliable method to avoid a
premature halt and/or cancelling planned maintenance operation.
2. High seas rough weather on cargo ships: if accurate information is not provided in due time,
the sudden changes in weather conditions at sea can result in damaged cargo and endanger
of human life. By continuously measuring the sea roughness, weather and wave models can
potentially be improved and warning messages can be sent out so the ship’s crew is aware
and measures can be taken.
3. Solar Farms: by providing recent irradiance, wind speed and wind direction measurements,
it is possible to improve the forecast of energy produced by solar farms. This benefits the
power network planners and operators to plan and maintain a stable power supply.
However, it is important to note that solar power farms are equipped with wind and
irradiance sensors, thus the applicability of satellite data may be limited.
4. Data for Science and Commercial use: historical archives have a very high potential for
analysis, both for scientific and commercial purposes. For scientific research, the release of
all GNSS-R, GNSS-RO and atmospheric sounder data for a specified geographical location
can be useful. For example, the area between cities of Copenhagen and Malmoe
experiences changing patterns of weather in the coastal areas. In addition, one of the major
European wind farms is located in this region, allowing for measurements of impact of wind
and sea state on wind energy production (including downtime due to rough seas) which
could be of interest for commercial use.
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Table 21: links data products with the input data necessary to generate them

Data obtained from

External satellite
Ground stations
Panel sensors

Weather
Model

Remote
sensing
band

Output

Visible
Infrared

Irradiance
Cloud cover

Atmospheric
Sounder GNSS-R
GNSS-RO
Ground wind
sensors

Infrared
L-Band

3D wind speed
Surface wind speed

Atmospheric
Sounder GNSS-R
GNSS-RO

Infrared
L-Band

Extreme Wind alert
Extreme sea
roughness alert

Infrared
L-Band

3D wind speed
Surface wind speed
Sea roughness

Infrared
L-Band

3D wind speed
Surface wind speed
Sea roughness

L-Band

Total electron count
(TEC)
Positioning error
warning

Infrared
L-Band

3D wind speed
Surface wind speed
Sea roughness

Infrared
L-Band

Historic trends of:
Irradiance, cloud cover
3D wind speed
Surface wind speed Sea
roughness Internal
Intellectual property

(Satellite)
Sensor(s)/Input

Sensors installed on
board LEO, GEO and
Solar Statistical
Earth observation
satellites

External satellite data
UDOR
Wind
Ground
Persistence
meteorological
Wind Statistical
stations
Turbine sensors
Wind
Persistence
UDOR
Wave
Persistence

UDOR
Turbine sensors

Wind Statistical
Wave statistical

Atmospheric
Sounder GNSS-R
GNSS-RO
Wind sensors

UDOR

Wind Statistical
Wave statistical

Atmospheric
Sounder GNSS-R
GNSS-RO

UDOR

Not applicable

GNSS-RO

UDOR
Ground
meteorological
stations
Airport sensors

Atmospheric
Sounder GNSS-R
Wind Statistical
GNSS-RO
Airport wind sensors

UDOR
Ground sensors

Wind Statistical
Solar Statistical
Wave Statistical
ML to analyze
data

Atmospheric
Sounder
GNSS-R
GNSS-RO
Ground sensors
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12. Human factors and performance
Creating sustainable ways to meet the world’s growing demand for energy while at the same time
minimizing the negative effects of energy production on the Earth’s climate is one of the major
challenges of our time (Deloitte, 2015; International Energy Agency, 2017). The question whether
we as a human race will be able to detach ourselves from the usage of conventional, nonregenerative energy supplies will also determine our fate here on this pale blue marble. Analyses
show that renewable energy sources like solar or wind energy have in principle the potential to fulfil
the worlds demand for energy 300.000 times (Resch, 2008). However, a transition to renewable
energy sources involves a number of challenges for the energy markets as - in contrast to
conventional energy sources like coal or gas - the amount of electricity produced by renewables is
strongly dependent on the actual weather conditions. Improving the forecast for the electricity
production of renewable energy sources will help the energy market to further adopt these
technologies – an important step towards an energy supply which is independent of non-renewable
energy sources.
In a broader picture, weather variability affects diverse aspects of human society ranging from
agriculture, to transportation, to energy supply and finally, to economy. The National Center for
Environmental Control estimated a damage of more than 300 billion US dollars arising from weather
and climate disasters in the US alone (National Oceanic and Atmospheric Administration, 2018).
Improving our understanding of weather phenomena and our possibilities for weather forecasting
will help us to mitigate the effects of long-term weather variations (climate change) and to develop
systems to reduce the impact of severe weather events (catastrophe warnings). In this report, we
specifically focus on improving weather forecasting for the energy industry but we also take into
account adjacent markets that could benefit from the data obtained by our suggested satellite
constellation.
In particular, with respect to the solutions proposed in this report, society can benefit from
improved weather forecasting in the following ways:
•

Provide sustainable energy supply

•

Protect human lives during maintenance and repair of off-shore wind farms

•

Create security for planes (aviation)

•

Create security for ship crews (maritime)

•

Create economic benefit by optimizing the planning of solar power plants and wind farms

•

Create economic benefit by lowering damages on wind turbines

•

Create economic benefit by optimizing shipping routes
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13. Conclusions and recommendations
Weather forecasting has a direct effect on the demand and supply to energy markets. Accuracy of
extreme weather prediction becomes a fundamental aspect for the energy sector and related
markets. Maritime and aviation markets are both affected, and warning of imminent extreme
weather is essential. Human survival and freight delivery rely on being able to forecast extreme
weather conditions.
A detailed market analysis of the global energy market revealed a total available market of 300M
euro per year. Therefore directly addressing this aspect with a satellite constellation solely for this
purpose would not provide marketable solution. This project has identified several data products
outside the energy sector, which may be commercially viable. These data products would be
addressed to maritime, aviation, insurance and Big Data industries.
A satellite constellation of 64 satellites with three integrated payload technologies; GNSS-R, GNSSRO and atmospheric sounder was proposed. The system is capable of 87% global coverage with a
revisit time of 15 minutes. Yearly, the constellation would generate 137 TB of highly valuable
satellite data. As of 2018, this data is not generated by other satellites with such frequency.
All collected data from this satellite constellation would be integrated on the ground with several
available weather data and models. This data integration allows for use of advanced IT technologies,
such as Machine Learning or Artificial Intelligence.
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15. Appendices
15.1. Appendix 1
A snapshot of the Systems Engineering loop process (Department of Defense, 2001).
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A commonly used design for global coverage of the Earth’s surface, whilst using the minimum number
of satellites, is the Walker-Delta constellation (Nag et al., 2016; Li, Zhao and Wu, 2016).
This type of constellation is represented by the given notationi:t/p/f.
Where,
i = orbital inclination,
t = the total number of satellites,
p is the number of equally spaced orbital planes, and
f is the relative phase difference between the satellites in adjacent planes.
Various Walker-type constellation architectures were studied and trade-offs were made to optimize the
number of satellites and number of orbital planes. Some preliminary assumptions and considerations
for the design were:
1. Study for coverage and revisit time was done on the basis of the atmospheric sounder,
2. The half-cone angle for the atmospheric sounder was set to 57 degrees (eoPortal, 2002),
3. The revisit time was set to 15 minutes,
4. The epoch time for the simulation was assume to 1st of Jan 2025,
5. Study on the lifetime of the satellite was done considering a drag coefficient of 2.2, and
6. The f parameter was set to 1 (or 0 for the case that is only one plane).

Different Constellation Architectures
Constellation Walker Constellation
Architecture
Denomination

No. of Planes / Number
No. of Launches
Satellites

of %
of
Earth’s
Coverage after 15
min

i:t/p/f
A

98.2°:30.5.1
28°: 30.5.1

10

60

85

B

98.2°:32.4.1
28°: 32.4.1

8

64

87

C

98.2°: 72.12.1

12

72

97

D

45°:48.6.1
98.2°: 12.1.0

6

60

68

It is important to specify that constellation architecture can contain more than a single type of Walker
constellation. At this time, option B is the most suitable for the purpose of this constellation. It can
provide an 87% global coverage in 15 minutes. With this architecture, the number of planes can be
minimized, reducing the number of launches.
Systems Tool Kit (STK) developed by Analytical Graphics, Inc. (AGI) is physics based software that is used
for four-dimensional modelling, simulation and analysis of satellite systems (AGI, 2018). We used STK
to simulate different mission scenarios for orbital analysis.

15.5. Appendix 5
Find below a detailed systems breakdown of the satellite constellation.
Ground Streaming
Ground Segment
Operation Centre

GNSS-R

Payload Module

GNSS-RO

Atmospheric Sounder

Perform Mission

Power Source

EPS

Power Storage

Power Management
Space Segment
Attitude Determination
Sensors

AOCS

Orbit Determination
Sensors

Attitude Control Actuators

Antenna
TTC
Transceiver
Service Module
On-Board Computer
Launch Vehicle
Launch Vehicle
CDH

Data Storage

Launch Container
Avionics

Structure
MSS
Mechanisms

Passive
TCS
Active
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15.7. Appendix 7

Potential relay satellite systems

Satellites

Type

Frequency band

Reference

Audacy

MEO constellation

K and S

(Audacy
2017)

O3B

MEO constellation

Ka

(Spaceflight101, 2018)

Eutelsat

GEO

C and K

(Eutelsat, 200?)

Corporation,

Find below the results of the preliminary link budget for a single satellite.
Communication system overview

Mass [kg]

Power [W]

Volume [cm^3]

Antenna

Negligible

0

8

SSPA

2

31

1133

Transceiver

0.075

5

91

Total

2.05

36

1232

15.8. Appendix 8
Table 22 Power requirements for each subsystems and margin of 10%.

Power budget contributions

Operational mode nominal power [W]

Thermal

25

Communications

36

Onboard Computing (OBC)

2

ADCS

11.5

Instruments (GNSS-R, GNSS-RO, Atmospheric Sounder) 27.5
Subtotal power

102

Margin 10%

10.2

Total power

112.2

Table 23 Values assumed for calculation of solar array (Wertz, Evert, Puschell, 2011)
Power system efficiency in eclipse (Xe)

0.85

Power system efficiency in daylight (Xd)

0.80

Altitude

700 km

Time in Eclipse Zone

2113 s

Time in Daylight Zone

3804 s

Solar Constant

1368 W/m2

Inherent degradation

0.85

15.9. Appendix 9

Table 24 Mass Budget showing the subsystems contributions to the whole spacecraft mass.

Mass budget contributions

Dry Mass contributions [kg]

Structure

5.4

Communications

2

OBC

0.1

AOCS

4.5

Power

18.5

Thermal

0.5

Instruments

5.8

(GNSS-R, GNSS-RO, Atmospheric Sounder)

Total mass

36.8

Margin 20%

7.3

Total mass with margin

44.1
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